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Ac  acetyl 
Anal.  elemental analysis 
aq.  aqueous 
AZADO  2-azaadamantane N-oxyl 
BF3•OEt2  borontrifluoride diethyl ether complex 
BHA  bishydroxamic acid 
Boc  tert-butoxycarbonyl 
n-Bu  normal-butyl  
t-Bu  tert-butyl 
br  broad (spectral) 
Bz  benzoyl 
c  concentration 
oC   degree Celsius  
calcd.  calculated 
cat.  catalytic amount or catalyzed 
CDDO  2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid  
CHP  cumene hydroperoxide  
c-myc  myelocytomatosis 
conc.  concentrated 
CTABr  cetyltrimethylammonium bromide  
Cys  cysteine  
d  doublet (spectral) 
dec.  decomposition 
DIBAL-H diisobutylaluminum hydride 
DMAP  4-(dimethylamino)pyridine 
DMF  N,N’-dimethylformamide 
DMN-AZADO 1,5-dimethy1-9-azanoradamantane N-oxyl 
DMPU  N,N'-dimethylpropyleneurea  
DMSO  dimethyl sulfoxide 
DTT  dithiothreitol 
dr  diastereomeric ratio 
ee  enantiomeric excess 
EF24  (3E, 5E)-3, 5-bis [(2-fluorophenyl)methylene]-4-piperidinone  
EGFR  epidermal growth factor receptor 
eq.  equivalent 
Et  ethyl 
Et3N  triethylamine 
EWG  electron withdrawing group 
FUBP  far upstream element-binding protein  
GS-X pump glutathione S-conjugate export pump 
GSH  glutathione 
GI50  50% growth Inhibition concentration 
h  hour (s) 
HDAC  histone deacetylase  
HER2  human epidermal growth factor receptor 2  
HPLC  high-performance liquid chromatography 
Hz  herz 
IC50  50%-inhibitory concentration 
imid.  imidazole 
IR  infrared 
J  coupling constant 
LHMDS  lithium hexamethyldisilazide 
lit.  literature 
M  molar (mol/L) or molecular ion 
mCPBA  3-chloroperbenzoic acid 
Me  methyl 
min  minute (s) 
MOM  methoxymethyl 
m.p.  melting point 
MRP  multidrug resistance-associated protein 
MS  mass spectrometry or molecular sieves 
m/z  mass to charge ratio 
NMO  N-methylmorpholine-N-oxide 
NMR  nuclear magnetic resonance 
N.R.  no reaction 
NO  nitric oxide 
Nu  nucleophile 
o-  ortho- 
p-  para- 
P  protecting group 
PCC  pyridinium chlorochromate 
PGA1  prostaglandin A1  
PPh3  triphenylphosphine 
Ph  phenyl 
i-Pr  isopropyl 
quant.  quantitative 
RCM  ring closing metathesis 
RSK  ribosomal protein S6 kinase 
rt  room temperature 
SAR  structure activity relationship 
sat.  saturated 
TBS  tert-butyldimethylsilyl 
TEMPO  2,2,6,6-tetramethyl-1-piperidinyloxy free radical 
TES  triethylsilyl 
temp.  temperature 
THF  tetrahydrofuran 
TLC  thin layer chromatography 
TMS  trimethylsilyl 
TPAP  tetra-n-propylammonium perruthenate 
Ts  p-toluenesulfonyl 
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1. 抗腫瘍活性天然物 curcumin をリードとする創薬化学研究 
1-1 背景 －Michael acceptor－ 
エポキシド，, -不飽和カルボニル化合物，ハロゲン化アルキルなど，高い求電子性を有する化合物


















とで，強い NO産生阻害活性を有する CDDO (2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid) (2) を創製
することに成功した 3．CDDO (2) は dithiothreitolと混合するだけで反応する高い求電子性を示す一方で，
その付加体は，加熱によって逆 Michael反応を惹起するという現象が観察されたことから，可逆的Michael 
accptorの可能性に注目が集まった (Figure 0-02)． 
 











Figure 0-02. Oleanolic acid (1) and CDDO (2) as inhibitor of NO production 
 
2012年，Tauntonらは，可逆的 Michael反応を企図して，既存の不可逆的 RSK2 阻害剤 (4) 4 の反応性








Figure 0-03. Development of RSK2 inhibitor ① 
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手法・計算化学の 2つを用いてランク付けした．彼らの研究によって，計算値と実測値に相関関係がある








Figure 0-04. Development of RSK2 inhibitor ② 
 
実際の医薬品において，Michael acceptorを導入した事例として afatinib (8) が知られている．Afatinib (8) 
は，EGFR および HER2と共有結合を形成し，それらを不可逆的に阻害する抗がん剤の 1つであり，共有
結合を形成しない可逆的 EGFR/HER2 阻害剤である gefitinib (7) などの第 2 世代薬と位置付けられる 






Figure 0-05. Gefitinib (7) and afetinib (8) 
  
このように，Michael acceptorは，,-不飽和カルボニル単位の周辺構造を変えることでその反応性を調
節することが可能であり，上述した Tauntonらの報告 6や，Amslingerらの報告 8を通じて，反応性の序列
が少しずつ明らかとなってきた．しかし，それらの例は，医薬品候補化合物の活性本体の構造改変が必要




1-2 背景 －curcumin誘導体－ 



















転写因子 (NF-) 12，細胞増殖経路 (cyclin D1，c-myc) 13，細胞生存経路 (Bcl-2，Bcl-xL，cFLIP) 14，カス
パーゼ活性化経路 (caspase-8，caspase-3，caspase-9) 15，腫瘍抑制経路 (p53，p21) 16，細胞死受容体 (DR4，
DR5) 17，プロテインキナーゼ経路 (JNK，Akt，AMPK) 18 など多くの細胞内情報伝達系の関与が報告され
ている．そのため，どれが特定の活性をもたらす主要メカニズムか断定しきれず，curcuminの創薬研究を
より複雑で困難なものとしている．  













Figure 0-06. Curcumin and its molecular targets 
 
1-3 背景 －当研究室における抗腫瘍活性に着目した C5-curcuminoidの創薬化学研究－ 
当研究室においても，curcumin 誘導体の抗腫瘍活性が着目され，2つの芳香環部が 5つの炭素で連結さ
れた bis(arylmethylidene)acetone 型誘導体 (以下 C5-curcuminoid と称する) の構造活性相関研究と標的分子
探索研究が前任者の山越博士によって行われてきた (Figure 0-07)．山越博士は，主に C5-curcuminoid の芳
香環上置換基に対する構造活性相関研究を行い，curcumin よりも 10倍以上強いがん細胞増殖阻害活性を
有する高活性誘導体 GO-Y030 の創製に成功した 19．共同研究者の柴田博士らによって，GO-Y030は家族
性大腸腺種症モデルマウスに対する経口投与実験で腺腫形成やその大きさを抑制することが示され，一
方で明らかな毒性は認められなかった 20．この実験では，経口投与された GO-Y030 は直接腸管の粘膜や
腺腫に作用するので物性はそれ程問題とならなかったが，GO-Y030 も curcumin と同様に疎水性であり，
臓器がんや白血病などに対する動物実験へ進むには課題を残していた．   
 
 





Figure 0-07. C5-Curcuminoids 
 
一方で，ビオチン化プローブ GO-Y086を用いて大腸がん細胞 HCT116に対する標的分子探索研究が行
われた．プロテオミクス解析の結果，GO-Y086 結合タンパク質は，FUBP2 (Far upstream element-binding 
protein 2) という核内転写制御因子であり，500 番目のシステイン残基を介して共有結合していることが
明らかとなった (Figure 0-08) 21．しかし，この結果は，従来からの「Michael acceptorは非特異的に生体
内求核種と反応する」といった常識に矛盾する結果であった．また，C5-curcuminoid が FUBP2 のみに作
用しているかどうかについては未解明であった．過去に，GO-Y030 はWnt/-cateninシグナルにも作用し
ていることが共同研究者の大堀・柴田博士によって明らかとなっている 22．従って，上述した矛盾点につ






Figure 0-08. Biotinylated probe GO-Y086 
 
1-4 研究目的 ① C5-curcuminoid の細胞内挙動に関する調査 
上述したように，C5-curcuminoid は反応性の高い Michael acceptor を有している一方で，結合タンパク
質として FUBP2 のみが検出されるという結果が得られていた．この矛盾点は，1-1 で述べたような“可
逆的 Michael反応”により説明できるのではないかと考え，特に C5-curcuminoidの Michael反応の“可逆
性”に焦点を当てて研究を進めた．C5-curcuminoid の細胞内挙動に関する何らかの情報が得られれば，今
まで蓄積されてきた構造活性相関研究や標的分子探索研究の結果とを併せた“Michael acceptor を有する












体 GO-Y133と同様に活性を消失していた (Figure 0-09)．したがって，C5-curcuminoid のジエノン構造は，
Michael acceptor として機能していると構造活性相関研究において示すことができた．尚，詳細な構造活





Figure 0-09. GO-Y133 and GO-Y132 
   
1-6 GO-Y030 とシステアミンの可逆的 Michael反応の観測 
次に，GO-Y030 が可逆的Michael acceptorとなり得るかどうかを調査した．分析方法は，Appendinoら
によって報告された 1H-NMR 分光法を用いるアッセイ法を参考にした 23．その分析方法についてまずは
紹介する． 
2011年，Appendinoは，Michael acceptorの発見と，その反応が可逆的か不可逆的かを分類する目的で，
1H-NMR分光法を用いた簡便なアッセイ法を開発した．手順は，Procedure A (Figure 0-10) に示す通りで，
まず，分析したい化合物とシステアミンを重 DMSO 中で混合し 1H-NMR を測定することで，Michael 反
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応を起こしているかを判定する．Michael反応を起こした化合物は，この 1度目の判定後，重クロロホル
ムで 20倍に希釈され希釈後の適当な時間に 1H-NMR で測定される．この時，逆Michael反応が起きた化
合物は可逆的 Michael acceptor と判定される．彼らは，この方法を用いて天然物を含む 16 つの化合物の
内，umbellulone (9), zerumbone (10) でのみMichael反応の可逆性を確認した． 
著者は，まず Appendinoらの条件を参考に，Procedure B (Figure 0-10) に示す条件で Michael反応と続
く逆 Michael反応の観測を行ったところ，GO-Y030 とシステアミンのMichael反応が速やかに起き，続く
逆 Michael反応が起きていることが観測された．この結果により，GO-Y030 は，重 DMSO中でシステア
ミンと可逆的な Michael反応を引き起こしていると分かり，GO-Y030が化学的に可逆的 Michael反応を起















Figure 0-10. 1H-NMR assay 
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1-8 GO-Y030 水溶性誘導体の創製 
C5-curcumioidの水溶性誘導体を簡便に獲得するために，水溶性チオールである glutathione (以下 GSHと
略記する) を付加させた GO-Y030 チオール付加型プロドラッグの創製を行った．プロドラッグの創製を
着想した経緯は以下の通りである． 
C5-curcuminoid は，off target との無秩序な反応性を示すと考えられている Michael acceptor の１つであ




がかりによって，C5-curcuminoid の細胞内挙動について以下の仮説が導き出された (Figure 0-11)．すなわ
ち，「C5-curcuminoidは，細胞内で GSHをはじめとする様々な生体内求核種と可逆的な Michael反応を起
こしていく中で，FUBP2 とのみ不可逆的 Michael 反応をするので，FUBP2 のみが結合タンパク質として
















2009 年，Snyderらは，がん細胞増殖阻害活性 C5-curcuminoid の EF24 に対して GSH を付加させること





Figure 0-12. Antitumor EF24 and its glutathione adduct 
  
一方，1997年，野依・鈴木らの報告においては，抗腫瘍活性を有する7-prostaglandin A1 (PGA1) メチル
エステル 12は，細胞内で一部が不活性な7-PGA1 GSH付加体 13へと変換され，12 と 13は細胞内で平衡





Figure 0-13. Antitumor -PGA1 methyl ester and its glutathione adduct 
- 12 - 
 
著者は，これらの報告を受け，実際に GO-Y030の GSH 付加体である GO-Y140 の合成・がん細胞増殖
阻害活性評価を行った (Figure 0-14)．その結果，GO-Y140は高い水溶性が確認され，GO-Y030 に比べて





Figure 0-14. GO-Y030 glutathione adduct, GO-Y140 
 
1-9 GO-Y030 チオール付加型プロドラッグの合成とがん細胞増殖阻害活性，反応性の評価 
GSH付加による GO-Y030 のプロドラッグ化に成功したので，著者は次に様々なチオール分子を付加さ





するセスキテルペン ambrosin (14) の水溶性を向上させるために，15，16のようなアミン付加型プロドラ
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Figure 0-16. Mechanism of cancer metastasis 
 
()-Fusarisetin A (18) は，2011年，Korea Research Institute of Bioscience and Biotechnology (KRIBB) の Ahn
らと理化学研究所の長田らのグループによって，真菌 Fusarium 種 FN080326 より単離・構造決定された










Figure 0-17. Structure of fusarisetin A 
   
()-Fusarisetin A (18) は，単離者によって，cytochalasin D (19), geldanamycin (20), staurosporine (21) など
のメカニズム既知の既存の抗腫瘍活性化合物や殺細胞性抗悪性腫瘍薬とプロテオーム解析による比較が
行われ，EGFの下流シグナルとしての ERK1/2, AKT, p38, c-Junのリン酸化を阻害しないことが示された 
(Figure 0-18-a)．これらの結果は，fusarisetin A が従来とは異なるメカニズムでがん細胞遊走阻害等の生物
活性を発現していることを意味するものであった．したがって，fusarisetin A は，新規標的分子に作用す
るがん細胞転移阻害剤の医薬リードとして期待を集めている．Fusarisetin Aの構造上の特徴としては，疎
水性のトランスデカリン骨格にあたる AB 環，極性官能基の密集したテトラミン酸単位を含む CDE 環部
分に大きく分けられる． CDE環部は，前例のない新規 3環性骨格であり，fusarisetin A (18) の生合成中
間体とされる equisetin (22) や fusarisetin A 類似化合物である phomopsichalasin (23) には含まれていない 
(Figure 0-18-b)．したがって，CDE環は，上述したような構造・生物活性の新規性から， pharmacophore
としての潜在性を十分に有していると考えられるとともに，合成化学的にも魅力的な構造単位である．そ
こで著者は，fusarisetin Aの CDE 環部分を新規メカニズムを惹起させる pharmacophore と期待し，本研究




















Figure 0-18. (a) Cytotoxic compounds used in proteome analysis 
(b) Equisetin and phomopsichalasin and these biological activity 
 




2-2 Liらによる ()-fusarisetin A (17) の不斉全合成と構造改訂 31c 
2012年，Liらは，提唱構造としての fusarisetin A (17) の初の不斉全合成を報告した (Scheme 0-01)．彼
らは，天然の ()-citronellal (24) 由来の不斉中心を利用し，トリエン 25 の分子内 Diels-Alder 反応によっ
て，4つの不斉中心を一挙に導入することで AB 環部に当たるトランスデカリン骨格の構築を行った．そ
の後，Pd触媒による O→C アリル転位，化学選択的 Wacker酸化，Dieckmann 縮合，ヘミケタール化を行
うことで，段階的に化合物右側部分の CDE環を構築し，fusarisetin A (17) を合成した．合成した 17 は，
天然物と各種スペクトルデータは一致したが，旋光度は絶対値が逆の符号を示したことから， ()-
fusarisetin Aの構造改定が行われた．つまり，天然物の ()-fusarisetin A の真の構造は，提唱構造の鏡像体
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Scheme 0-01. Li’s total synthesis ()-fusarisetin A proposed structure (17) 
 
2-3 Theodrakisらによる ()-および()-fusarisetin A (17) , (18) の不斉全合成と構造活性相関研究 31b, 31g, 31h 
2012 年，Theodrakis らは， ()-fusarisetin A (17) の全合成を報告後，その構造活性相関研究を行った．
彼らは，真菌 Fusarium 種の二次代謝産物である equisetin (22) と(+)-fusarisetin A (18) の構造の類似性に着
目し，equisetin (22) が酸化されることで(+)-fusarisetin A (18) が生合成されていると予測した．その生合
成仮説から，oxidative radical cyclization (ORC) を鍵反応として(+)-fusarisetin A (18) を合成した (Scheme 
0-02)．彼らの合成は，保護基フリー，短工程高収率（8 工程 18%収率）と非常に効率的で，(+)-fusarisetin 
A (18) の量的供給を可能とした．さらに，17, 18, 22のがん細胞遊走阻害活性の比較から，天然物のエナ
ンチオマー ()-fusarisetin A (17) や equisetin (22) は，14 mg/mlでほとんど活性を示さないことが判明し
た．その後も，彼らは CDE 環部分構造の合成，各種誘導体合成を行い，MDA-MB-231に対する遊走阻害























Figure 0-19. SAR study of (+)-fusarisetin A (18) by Theodrakis’s group 
 
2-4 Gaoらによる (+)-fusarisetin A (18) の不斉全合成と構造活性相関研究 31e, 31i, 31j 
2012年，Gao らも，Theodrakis と同様に equisetin (22) を中間体とする合成ルートで全合成を達成した．
彼らは，equisetin (22) と fusarisetin A (18) との構造上の違いに着目し，①equisetin 誘導体，②fusarisetin A 
誘導体のそれぞれを数種類ずつ合成し，MDA-MB-231に対する細胞毒性と遊走阻害活性の比較を行った．
その結果，ほとんどの fusarisetin A 誘導体は，equisetin 誘導体と比較して細胞毒性がなく，中程度のがん
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Figure 0-20. SAR study of (+)-fusarisetin A (18) by Gao’s group 
 
2-5 合成計画 
2-2~2-4で紹介した他に，2例の全合成 31a, 31d, 32と 1例の合成研究 31fが報告されているが，いずれの合
成例も，合成の序盤に分子内 Diels-Alder 反応によって，AB 環のトランスデカリン骨格を構築した後に，
Dieckmann 縮合を組み込んで CDE 環部分を構築するという方法がとられている．しかし，それらは AB
環部分に多様性を持たせた誘導体の効率的合成という観点において課題を残していた． 
Fusarisetin A の構造活性相関研究は，前述したように Theodrakis，Gao らのグループによって精力的に
行われているが，未だ，天然物を凌駕する選択的がん細胞遊走阻害活性を示す誘導体の獲得や，標的分子




























Scheme 0-03. Synthetic strategy of (+)-fusarisetin A CDE ring (37) and its analogues (38) 
 
ケトン 41は，ラクトン 43 と L-セリン誘導体 44を連結した後，アリル化を行うことで合成できるもの
と考えた (Scheme 0-04)．光学活性なラクトン 43は，光学活性なエポキシド 45の山口法 33による開環と
つづく酸化的ラクトン化 34によって調製することにした．エポキシド 45は，山本らによって報告された













Scheme 0-04. Retrosynthetic analysis of ketone 41 
 
ここで，山本らの不斉エポキシ化反応について紹介する．2010年，山本らは，触媒量の Bishydroxamic 
Acid (BHA) ligandを不斉源としたホモアリルアルコールの不斉エポキシ化を報告した (Scheme 0-05) 35．














Scheme 0-05. Yamamoto asymmetric epoxidation of homoallylic alcohol 
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実際に，山本不斉エポキシ化を行うと，88%収率，84% ee と高収率，良好なエナンチオ選択性で望み
のエポキシド 45が得られた (Scheme 0-06)． 
その後上述した逆合成解析に基づく合成変換を行い，所期の目的を達成した．すなわち，エポキシド 45
を 2 工程でラクトン 43へと変換し，44との Claisen縮合を含む 3工程でラクタム 40へと導いた．ラクタ








Scheme 0-06. Synthesis of cyclopentene 49 and diene 50 
 
  




第 1 章 抗腫瘍活性天然物 curcumin をリードとする創薬化学研究 
第 1 節 抗腫瘍活性 C5-curcuminoid の構造活性相関研究 
 総論で述べたように，C5-curcuminoid の細胞内挙動に関する調査に先駆け，高いがん細胞増殖阻害活性
を有し，in vivoにおいても抗腫瘍活性を示した GO-Y030 をリード化合物として C5-curcuminoidのジエノ
ン構造に関する構造活性相関研究を行った．具体的には，GO-Y030の「 ① methoxymethyl 置換基，② 交
差共役ジエノン構造， ③ 2 つの芳香環」が，がん細胞増殖阻害活性発現に重要な役割を果たしているの
かについて精査した．本節の序盤では，各種誘導体の合成法について述べる． 
 
GO-Y131~134 は，いずれも GO-Y030 から導いた (Scheme 1-01)． GO-Y134は，GO-Y030の水素添加
による還元によって得られる GO-Y133の伊藤-三枝酸化によって合成した．GO-Y131，132は，それぞれ








Scheme 1-01. Synthesis of C5-curcuminoids ① 
 
GO-Y158，166，167は，前任者の山越によって既に確立されている相関移動触媒 CTABrを添加剤とし
たアルドール反応によって合成した (Scheme 1-02)．GO-Y159 は，curcumin の誘導体合成で汎用される
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Pabon らの合成法 36をもとに合成した．GO-Y148~151，157 は，ベンズアルデヒド 53 を種々変換するこ



















Scheme 1-02. Synthesis of C5-curcuminoids ② 
 
GO-Y030のカルボニル位にハロゲンを導入した誘導体 GO-Y168~170は，GO-Y134から導かれた-ジ
ハロゲン化誘導体 57，GO-Y162，163の脱離によって合成した (Scheme 1-03) 38．GO-Y165 は，Hondaら
- 25 - 
 




















Scheme 1-03. Synthesis of C5-curcuminoids ③ 
 
上記により得られた誘導体の大腸がん細胞 HCT116 に対する増殖阻害活性試験を行った (Table 1-
01~05)． 
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Table 1-01. SAR of 3,5-bis(methoxymethoxy)substitution 
 
C5-Curcuminoid のジエノン構造の役割を調査するために，高活性誘導体 GO-Y030 をリード化合物とし
て，ジエノン構造に関する誘導体を合成し活性評価した (Table 1-02)．その結果，エノン構造の減少に伴
い活性が低下していることが分かった．また，芳香環部位のコンホメーションを固定させるが Michael 
acceptor能を持たないジシクロプロパン化体 GO-Y132 は，GO-Y133 と同様に活性が消失した．この 2つ













Table 1-02. SAR of central tether moiety 
 
,-不飽和カルボニル構造の反応性，2つの芳香環の存在ががん細胞増殖阻害活性にどの程度影響を及
ぼすかについて精査した (Table 1-03)．(a) に示されるように，芳香環，,-不飽和カルボニル構造がそれ
ぞれ 1つの場合は，全ての誘導体で活性が消失していた．(b) に示される 2つの芳香環を持つアミド誘導

























タンパク質との結合に効果的であると報告した 7．C5-Curcumioid については, Snyderらによって，高いが





がん細胞増殖阻害活性を評価した (Table 1-05)．その結果，-ハロゲン化誘導体 GO-Y168~170 はいずれ
も高い活性を示したが，GO-Y030の活性を上回ることはなかった．また，-シアノ化体 GO-Y165 は大幅
な活性の低下がみられた．-ハロゲン化誘導体で活性が保持され，-シアノ化体で活性が低下したという
結果は，過去に Amslingerらによって報告された NO 産生阻害活性を示すカルコン誘導体の構造活性相関
研究 8と類似の結果であり，必ずしも求電子性の向上が活性の向上につながる訳ではないと示された． 
 








































Figure 1-01. SAR of GO-Y030 
 
さらに，ジエノン構造のMichael反応に関しては，GO-Y075，077が比較的高い活性を示すという結果
から，細胞内で可逆的 Michael反応を起こしている可能性が示唆された．  
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第 2 節 1H-NMR分光法による C5-curcuminoidsのMichael反応に関する調査 
総論で述べたように，C5-curcuminoid が細胞内で可逆的 Michael反応をしていることが示唆されていた
ため，1H-NMR 分光法にてMichael反応の追跡を行った． 
まず，Appendinoらのアッセイ方法 23a (Figure 1-02 Procedure A) を適用した (Figure 1-03)．その結果，
GO-Y030 とシステアミンの混合によって GO-Y030 のピークが消失し Michael 反応が起き，2 分子のシス
テアミンが付加したピークがメジャーなピークとして観測された．その後，重クロロホルムで希釈する
と，希釈後 24 時間で，ごくわずかに GO-Y030 のピークが再び現れるのを観測した (Figure 1-03)．ここ
で観測された逆 Michael 反応をより明確に観測するために，アッセイ条件の最適化を行ったところ，重
DMSO溶液空気下という procedure B (Figure 1-02) で示す最適条件を見出した．最適化した条件は，“反
応溶液を空気雰囲気下で放置する”という点が重要であり，空気にさらさないと逆 Michael反応はほとん
ど観測されない．可逆的 Michael 反応の中で脱離したチオール分子を，空気中の酸素を含む重 DMSO が
酸化し反応系を逆反応へと傾けているため，空気雰囲気下とそうでない場合とで反応性に違いが出たと
考えられる (Figure 1-04)． 
Procedure B から得られた Figure 1-05の結果について説明する．反応時間 5分の 1H-NMRスペクトルで
は，ほぼ定量的に GO-Y030システアミン 2分子付加体が生成したことがわかる．それを空気中に放置し，
1 時間後，6 時間後の 1H-NMR を測定したところ， GO-Y030 システアミン付加体が逆 Michael 反応を起
こし，徐々に GO-Y030を生成しているのが観測された．  
さらに，チオール付加体 GO-Y075についても，同条件に付すと逆 Michael反応を起こすことが観測さ
れた (Figure 1-06)．この時，システアミン非存在下では，GO-Y075 の逆 Michael 反応は起きず，システ
































Figure 1-04. Reaction mechenism of retro-Michael reaction 
 




















Figure 1-06. 1H-NMR assay (Procedure B, GO-Y075) 
これらの実験結果によって，C5-curcuminoid に含まれるジエノン構造の Michael 反応の可逆性が化学的
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第 3 節 C5-Curcuminoid水溶性誘導体の創製 
総論 1-8 で述べた考えのもと，GO-Y030 に glutathione (以下 GSH と略記する)を付加させた C5-
curcuminoid 水溶性誘導体の創製を試みた．GO-Y030 の GSH付加体である GO-Y140は，トリエチルアミ
ン存在下，GO-Y030と GSH を混合することで簡便に合成することができた (Figure 1-07)．大腸がん細胞







Figure 1-07. GO-Y030 glutathione adduct, GO-Y140 
 
水溶性に関して，リン酸緩衝液に直接溶解させ GO-Y030 と水溶性の比較を行った．その結果，GO-Y030
は全く緩衝液に溶解しない一方で，GO-Y140は，リン酸緩衝液 1 ml中 30 mg 溶解するという高い水溶性








Figure 1-08. Solubility of GO-Y030 and GO-Y140 
GO-Y030 
30 mg in pH 8 PBS buffer (1 mL) 
GO-Y140 
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第 4 節 GO-Y030チオール付加体の合成とがん細胞増殖阻害活性，反応性の評価 
第 3節の結果より，GO-Y030 GSH付加体がプロドラッグとして有用であると示されたので，次に様々
なチオール分子を付加させた GO-Y030 を創製し，それらのがん細胞増殖阻害活性，逆 Michael 反応の反
応速度の評価を行った． 
アミン存在下Michael付加によって合成された各種誘導体について，大腸がん細胞 HCT116に対してが
ん細胞増殖阻害活性評価を行った (Table 1-06)．その結果，長鎖脂肪鎖のチオール分子を付加させた GO-
Y178，143，144，189では，阻害活性はみられなかった (GI50 = > 40 M)．一方，それら 4つを除く全て
の誘導体は，GO-Y030と同程度の高い活性を保持していることが分かった． 
次に，GO-Y030 チオール付加体の安定性に関する更なるパラメータを得るために，酸性・塩基性・中
性の各緩衝液中での 14 種類の各チオールビス付加体の逆 Michael 反応を追跡した．方法としては，
Amslingerらによって報告された 96 well plateを用いる吸光度測定を適用した 28．以下に，Amslingerらの
報告を紹介する． 
2013 年，Amslinger らは，96 well plate を用いる吸光度測定によって，芳香環上の置換基が異なる種々
のカルコン誘導体のシステアミンとの反応速度を求めた (Figure 1-09)．カルコン誘導体はそれぞれ 350 
nm付近に吸収極大を持つため，各々適切な波長で吸光度を測定することで，簡便にカルコン誘導体の相




































Table 1-06. SAR of GO-Y030 thiol adducts 





Figure 1-10. Our procedure to monitor retro-Michael reaction 
 
著者の合成したチオール付加体は，340 nm に吸収極大を持つ GO-Y030 を親化合物とするため，
Amslingerらと同様に吸光度測定によってGO-Y030の生成を追跡することが可能であった．そこで，Figure 
1-10 に示す手順で GO-Y030 チオール付加体の逆 Michael 反応を追跡した．すなわち， GO-Y030 チオー
ル付加体，比較対照としての GO-Y030を 96 well plate の各 wellに添加した後，それぞれの wellを酸性緩
衝液（pH 3 Glycine-HCl），中性緩衝液（pH 7.3 PBS），塩基性緩衝液（pH 8.5 Tris-HCl）で希釈し，希釈後，
適当な時間に吸光度を測定した．その結果，Figure 1-11に示すような結果を得た．なお，グラフの吸光度
の値が大きくなり 0.7に近づくほど，逆 Michael反応が起きていることを表し，対照的に，吸光度の値が
0 付近で変化がないものは，逆 Michael反応が起きていないことを表す． 
Figure 1-11 (a) 酸性条件下で，全ての誘導体は，吸光度が 0付近でほぼ変わらず，逆 Michael反応がほ
とんど起きていないことが示された． 
Figure 1-11 (b) 中性条件下では，興味深いことに，親水性の高い GO-Y139，140 のみが逆Michael反応
を起こしていることが示された． 
Figure 1-11 (c) 塩基性条件下では，チオールのアルキル鎖の構造に応じて逆Michael反応を起こす誘導






く，がん細胞増殖阻害活性を保持する傾向にあるということが示された．また，GO-Y174 や 185 のよう
に，高い阻害活性を保持しているが，酸性～塩基性条件下で逆 Michael反応をほとんど起こさない誘導体


















































Figure 1-11-2. Time dependent change of retro-Michael reaction after diluted with (b) pH 7.3 PBS buffer (c) 
pH 8.5 Tris-HCl buffer  
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・ 交差共役ジエノン構造は，その Michael acceptorとしての役割が活性発現に重要である． 
・ GO-Y030の 2つの芳香環部はがん細胞増殖阻害活性発現に必須である 
 




GO-Y030 グルタチオン付加体を C5-curcuminoid 水溶性プロドラッグとして設計したところ，望み通り水
溶性プロドラッグ GO-Y140 を創製することができた． 
  




Figure 1-12. Thiol-shuttle hypothesis of C5-curcuminoid as intracellular behavior 
 
さらに，数 10 種類のチオール付加型誘導体を合成し，大腸がん細胞 HCT116 に対する増殖阻害活性，
逆 Michael反応の反応性に関する調査を行った．その結果，付加させるチオールの構造に依存して，抗腫
瘍活性を保持する誘導体と活性の消失した誘導体があることが示された．特に，長鎖脂肪鎖を含むチオー
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ル分子の付加体は，がん細胞増殖阻害活性が消失し，pH 8.5の塩基性条件下においても逆 Michael反応を








Figure 1-13. Results about GO-Y030 thiol adduct 
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第 2 章 誘導体合成を指向した，がん細胞遊走阻害活性天然物 fusarisetin A の合成研究 















Scheme 2-01. Synthetic plan of chiral lactone 43 
 
まず，(Z)-3-penten-1-ol (46) の山本不斉エポキシ化を検討した (Scheme 2-02)．山本らの論文では，
Hf(OtBu)4 と Zr(OtBu)4 のそれぞれが用いられていたが，原料合成の初期に用いる関係から，Hf(OtBu)4 
(13,500円/g) より 6倍安価な Zr(OtBu)4 (2,200円/g) を用い，反応条件の検討を行った．(S,S)-BHAリガン
ドは，山本らの報告に従って合成したものを用いた 40．山本らの報告では，無水のトルエン溶媒中，BHA
リガンド，DMPU，Zr(OtBu)4を室温で 1時間撹拌後，0 °Cに反応温度を下げ，基質のホモアリルアルコ
ール，CHPを加えた後，0 °Cで 4時間撹拌し，室温に昇温し 36時間撹拌するという手順がとられてい
る．著者も山本らと同様に，反応初期 0 ~ 4時間の反応温度を 0 °Cに設定したところ，49% eeとエナン
チオ選択性が十分ではなかった (entry 1)．なお，エポキシド 45の光学純度は，水酸基をベンゾイル化後，
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キラルカラム (CHIRALPAK IC) を用いる HPLC により決定した．Entry 1では，TLC による反応追跡で，
0 ~ 4時間での反応が速かったことから，反応速度を低下させればエナンチオ選択性の向上が期待できる
のではないかと考えた．反応初期 0 ~ 4時間の反応温度を 0 °Cから-5 °C に下げたところ，エナンチオ選
択性は期待通り 75% eeまで向上した (entry 2)．さらに，基質に含まれる水を除く目的で，蒸留後 MS 4A
で処理した (Z)-3-Penten-1-ol (46) を反応に用いたところ，エナンチオ選択性は 84% ee に向上した．エナ
ンチオ選択性に改善の余地は残すものの，その後の工程で光学活性な L-セリン誘導体 44との連結を経る
ことで minor エポキシド由来のものはジアステレオマーとして分離できると考え，本条件を最適条件と
し合成を進めることとした．実際に entry 3の条件を用いると，entry 3~5 に示されるように，数グラムス















Scheme 2-02. Yamamoto asymmetric epoxidation (46→45) 
 
- 44 - 
 
つづいて，得られたエポキシド 45からラクトン 43への変換を検討した (Scheme 2-03)．まず，エポキ
シド 45を山口法にて TMS アセチリドと反応させることで，ジオール 59へと変換した 32．エポキシド 45
の反応点は 2か所あったものの，59 : 62 = 4 : 1と中程度の選択性で，期待通り水酸基に近い C3位での開
環が優先的に進行した．さらに，二つのジオール 59，62は，カラムクロマトグラフィーでの分離が容易
ではなかったが，幸いなことに，後述する酸化的ラクトン化の段階で簡便に分離できた．ジオール 59か










Scheme 2-03. Synthesis of chiral lactone 43 
 
エポキシド 45の絶対立体化学については，2級アルコール 63へと誘導化し，その 2級水酸基の絶対立
体化学を改良 Mosher 法 42によって S と決定することで確認した (Scheme 2-04)．すなわち，2 級アルコ
ール 63 から導いた MTPA エステルの 1H-NMR シフト値の差から経験則に従って，63 の 2 級水酸基の絶
対立体化学は Sと決定した．後に中間体の X 線結晶構造解析によってもアルコール 63の絶対立体化学は

















Scheme 2-04. Determination of absolute stereochemistry 
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第 2 節 ケトン 66の合成 
光学活性なラクトン 43が調製できたので，L-セリン誘導体との連結によるケトン 66の合成を行った．
まず，ラクトン 43 と Garner’s aldehyde (65)とのアルドール反応，つづくアルコールの酸化反応での検討





Scheme 2-05. Construction of ketone 66 
 
ラクトン 43 と Garner’s aldehyde (65)とのアルドール反応を行うと，分離困難なジアステレオマー混合
物としてアルドール付加体 67が得られた (Scheme 2-06)．一部分離した 2級アルコール 67a，67bをそれ
ぞれ酸化条件に付したところ，得られるケトン 66は同一のものであることが，1H-NMR 解析により判明
した (table 2-1)．なお，ケトン 66の NMRは，室温ではロータマーに起因するブロードのピークを与える
が，温度を上げると単一のピークに収束した．したがって，ケトン 66は単一のジアステレオマーである
と決定した．ケトン 66の相対立体化学については，アルドール反応において，Garner’s aldehyde (65) が
ラクトン 43 のどちらの面から接近するかを考察した．すなわち，ラクトン 43 のメチル基，TMS アルキ
ンの 2つの置換基とは逆側の面から 65が接近すると考えられるので，Scheme 2-06に示す立体化学であ
ると推定した．2 級アルコール 67 の酸化は，table 2-1 に示す条件を検討したが，いずれも中～低収率で
あった．さらに，比較的収率の良かった PCC 酸化条件は，スケールを上げると収率の大幅な低下がみら






















Scheme 2-06. Aldol reaction and alcohol oxidation 
 
そこで，工程数を減らしラクトン 43からケトン 66への変換効率を向上させるために，ラクトン 43と
既知の混合酸無水物 68 との Claisen 縮合を検討した (Scheme 2-07)．その結果，54%の収率でケトン 66
が，副生成物として 68 の Piv 基が反応したケトン 69 が 15%得られた．アルドール，アルコール酸化で





Scheme 1-07. Claisen condensation 
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第 3 節 ラクタム化の検討 
アシル化体 66 は，DE 環形成に必要な官能基を備えていたことから，予備的検討として，このものか
らラクタム環形成を検討することとした (Scheme 2-08)．すなわち，酸でアシル化体 66 の Boc 基，アセ
トナイド基を脱保護した後，つづく塩基処理によってラクトンの開環，ラクタム環，ヘミケタール形成を










Scheme 2-08. Lactamisation of 66 
  
次に，ケトン 66の活性メチン部位をアリル化した後，ラクタム化を行うこととした (Scheme 2-09)．そ
の結果，アリル化，ラクタム化が定量的に進行し，単一のジアステレオマーでラクタム 41 が得られた．
この時，アリル化後の生成物 41 は，回転異性体を持つため NMR スペクトルからジアステレオ比を決定
するのは困難であった．したがって，ラクタム 40へと導くことで，41が単一なジアステレオマーである
と確認した．なお，Claisen 縮合，アリル化の順番を逆にすると，ラクタム 40とは異なるジアステレオマ
ー73 が単一で得られた．したがって，66 から 41 のアリル化では，ラクトンのメチル基，TMS アルキン














Scheme 2-09. Lactamisation of 41 and 72 
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第 4 節 閉環エンインメタセシスの検討と分子間 Diels-Alder反応 
エンインメタセシスの検討に先駆けて，ラクタム 40 の N-Me化を検討した．まず，ジオール 40の 1級
水酸基を TES 基で保護した後，塩基性条件での N-Me化を試みたが，所望の N-Me 化体 75は全く得られ
ず，76 , 77のようなシリルエーテルが脱離した副生成物が得られた．ヘミケタールに隣り合う TES基の










Scheme 2-10. N-Methylation of lactam 74 
 
そこで，ヘミケタール基を保護した後，N-Me化を行うこととした．ヘミケタールの保護を企図して 74
に TMSCl を作用させたが，開環し 2 級水酸基が TMS 基で保護された成績体が得られた．その後，塩基






Scheme 2-11. Synthesis of 79 
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Scheme 2-10 に示された塩基性条件での N-Me 化の検討の中で，76 や 77 のような脱離による副生成物
が得られたことから，ラクタム中間体の 1 級水酸基は塩基性条件下，副反応として脱水反応が進行する
と予想された．そこで，アルキン TMS基の脱保護は，Paleらによって報告された硝酸銀を用いる温和な
条件 43を適用した．その結果， TMS アルキン 79は，シリルエーテルの脱保護を伴って，末端アルキン









Scheme 2-12. Deprotection of TMS-alkyne 79 and 40 
 
基質としてのエンイン 81，82 が調製できたので，Grubbs 第 2 世代触媒を用いてエンイン閉環メタセ
シス反応の検討を行った (Scheme 2-13, table 2-2)．エンイン 82を基質とした場合，エチレンガスによっ















Scheme 2-13. Enyne ring closing metathesis  
 
ジエン 83 の相対立体化学は X 線結晶構造解析によって決定した (Figure 2-01)．尚，83 の絶対立体化






Figure 2-01. X-ray structure of diene 83  
 
総論で述べたような AB 環に関する各種誘導体合成に向けて，得られたジエン体の分子間 Diels-Alder
反応を検討した (Scheme 2-14)．ジエン 83 とキノンを加熱条件下反応させると，環化体が酸化されたア
ントラキノン体 86 が 46%の収率で得られた．ジエン 85 とマレイミドを加熱条件下で反応させると環化
体 87 が 3 つの異なるジアステレオマーとして得られた．エンイン 85 とマレイミドとの Diels-Alder 反応
は，endo/exo，maleimide の接近面を考えると，生成し得るジアステレオマーが 87a ~ 87dの 4種類ある．
- 53 - 
 
本反応で得られた主生成物は，それぞれ，下記のような NOESY 相関が観測されたことから，endo体 85a，





















Scheme 2-14. Intermolecular Diels-Alder reaction 
 






Figure 2-02. NOESY correlation of 87a and 87b 
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第 5 節 閉環メタセシスによる CDE 環誘導体の合成 
エンインメタセシスでの検討で，ヘミケタール基は無保護の方が，環化反応が進行しやすいと分かった
ので，閉環メタセシス反応においても無保護のヘミケタール基質を用いて検討した (Scheme 2-15)．その
結果，エンイン 82から 2工程でほぼ定量的にシクロペンテン 88へと導くことができた．1級水酸基の保
護基は，N-Me化の条件に耐えうる保護基として，Scheme 2-10で用いていた TES 基から TBS 基へと変更
した．ジオール 88は，1級水酸基の TBS基による保護，N-Me化，TBS基の脱保護を経て，CDE 環誘導




Scheme 2-15. Synthesis of CDE analogue 49 
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第 6 節 小括 
著者は，fusarisetin Aの極性官能基の密集した CDE環誘導体 47，AB 環部分が異なる 2つの誘導体 86, 







Scheme 2-16. Synthesis of intermediate 41 
 
また，不安定なラクタム 70を避けることで，高収率・短工程で C環部分を構築することができ，各種












Scheme 2-17. Synthesis of lactam 40 and analogues 49, 86, and 87 





胞遊走阻害活性天然物 fusarisetin A の合成研究」を行い，以下の成果を得た． 
 





・ 交差共役ジエノン構造は，その Michael acceptorとしての役割ががん細胞増殖阻害活性に重要であ
る 
・ GO-Y030の 2つの芳香環部はがん細胞増殖阻害活性に必須である 
1H-NMR実験では，GO-Y030 とシステアミンとの重 DMSO中での“可逆的なMichael反応”を観測し，
C5-curcuminoidの可逆的な反応性を実際に示すことができた． 
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う結果は，“細胞内における多様な求核種と C5-curcuminoid との可逆的 Michael 反応”を強く支持した．
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第 2 章 
特異な構造と生物活性を有する fusarisetin A の新規 CDE 環部分に着目し，各種誘導体を効率的に合成
できる経路の開発を目指して fusarisetin A 誘導体の不斉合成を行った (Scheme 3-02)．その結果，市販の
cis-3-penten-1-ol (46) から山本不斉エポキシ化，エポキシドの位置選択的開環を含む 8 工程 32%で DE 環
を含む光学活性ラクタム中間体 82を合成することができた．その後，閉環エンインメタセシス，閉環メ
タセシスによって，高収率で C 環を構築し CDE 環部分骨格 83，88 をそれぞれ合成した．閉環エンイン
























General Procedure: All reactions were carried out under an argon atmosphere with dehydrated solvents under 
anhydrous conditions, unless otherwise noted. Dehydrated THF and CH2Cl2 were purchased from Kanto Chemical 
Co., Inc. Other solvents were dehydrated and distilled according to standard protocols. Reagents were obtained from 
commercial suppliers and used without further purification, unless otherwise noted. Reactions were monitored by 
thin-layer chromatography (TLC) carried out on silica gel plates (Merck Kieselgel 60F254) or NH-silica gel plates 
(Fuji Silysia Chemical, Ltd.). Column chromatography was performed on Silica gel 60N (Kanto Chemical Co., Inc., 
spherical, neutral, 63-210 μm) and flash column chromatography was performed on Silica gel 60N (Kanto Chemical 
Co., Inc., spherical, neutral, 40-50 μm). Optical rotations were measured on a JASCO P-2200 Digital Polarimeter at 
room temperature, using the sodium D line. Infrared spectra were obtained on a JASCO FT/IR-410 Fourier Transform 
Infrared Spectrophotometer at a 4.0 cm-1 resolution and reported in wave numbers. Proton nuclear magnetic 
resonance (1H NMR) spectra were recorded using JEOL JNM-AL-400 (400 MHz), and JEOL JNM-ECA-600 (600 
MHz) spectrometers. The chemical shifts () are given from TMS (0.00 ppm) in CDCl3 or CDCl3:CD3OD (10:1) as 
internal standards. Coupling constant (J) is reported in hertz. Multiplicities are reported using the following 
abbreviations: s, singlet; d, doublet; t, triplet; q, quartet; br, broad. Carbon-13 nuclear magnetic resonance (13C NMR) 
spectra were recorded using JEOL JNM-AL-400 (100 MHz) and JEOL JNM-ECA-600 (150 MHz) spectrometers. 
The chemical shifts () are given from CDCl3 (77.0 ppm) as internal standards. Mass spectra were recorded on a 
JEOL JMS-DX303, JEOL JNM-AL500 and JEOL JMS-700.  
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Chapter 1 - Section 1 
 




Yellow solid; mp 85–87 °C. IR (CHCl3): 2927, 1652, 1590, 1441 cm−1; 1H-NMR (400 MHz, CDCl3) δ 7.61 (2H, d, 
J = 15.9 Hz), 7.00 (2H, d, J = 15.9 Hz), 6.79 (4H, d, J = 1.9 Hz), 6.60 (2H, t, J = 1.9 Hz), 4.14 (8H, t, J = 4.6 Hz), 
3.76 (8H, t, J = 4.6 Hz), 3.46 (12H, s); 13C-NMR (100 MHz, CDCl3) δ 188.8, 160.2, 143.3, 136.6, 125.8, 107.2, 104.0, 




Yellow solid (AcOEt:hexane = 1:1) mp 171–173 °C. IR (solid): 3235, 1647, 1622, 1597, 1441 cm−1; 1H-NMR (600 
MHz, DMSO-d6) δ 7.68 (2H, d, J = 15.7 Hz), 7.32 (2H, d, J = 15.7 Hz), 6.95 (4H, d, J = 1.9 Hz), 6.59–6.56 (2H, m), 
4.86 (4H, t, J = 5.5 Hz), 4.03 (8H, t, J = 5.0 Hz), 3.72 (8H, dt, J = 5.5, 5.0 Hz); 13C-NMR (150 MHz, DMSO-d6 ) δ 
188.5, 160.1, 142.8, 136.6, 126.1, 106.9, 103.6, 69.7, 59.5; LR-MS (FAB) m/z 475 ([M + H]+), 136.1 (100%), 137.1 




Yellow oil; IR (CHCl3): 2955, 2826, 1674, 1647, 1592, 1453 cm−1; 1H-NMR (400 MHz, CDCl3) δ 7.51 (1H, d, J = 
16.4 Hz), 6.91 (2H, d, J = 2.3 Hz), 6.85 (1H, d, J = 16.4 Hz), 6.76 (1H, t, J = 2.3 Hz), 6.61 (1H, t, J = 2.0 Hz), 6.49 
(2H, d, J = 2.0 Hz), 5.17 (4H, s), 5.15 (4H, s), 3.50 (12H, s), 2.60–2.55 (1H, m), 2.50–2,45 (1H, m), 1.80–1.76 (1H, 
m), 1.48–1.43 (1H, m); 13C-NMR (100 MHz, CDCl3) δ 197.8, 158.6, 158.5, 143.2, 142.2, 136.7, 127.2, 109.6, 107.7, 
107.2, 103.0, 94.6, 56.12, 56.09, 31.7, 29.8, 19.3; LR-MS (EI) m/z 488.1 (M+, 100%); HR-MS (EI) Calcd. for 
C26H32O9: 488.2046, found: 488.2047. 
 
GO-Y132 (diastereo mixture) 
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To a solution of Me3S(O)I (185 mg, 0.842 mmol) in DMSO (1.05 mL) was added NaH (20 mg, 0.84 mmol) washed 
with hexane. After stirring for 1 hour at room temperature, to the reaction mixture was added GO-Y030 (100 mg, 
0.842 mmol). After stirring for 16 min at 50–60 °C, the mixture was quenched with H2O. The organic layer was 
separated and the aqueous layer was extracted with Et2O (20 mL × 3). The combined organic phases were washed 
with brine (5 mL), dried over MgSO4, and evaporated in vacuo. The residue was purified direct by silica gel 
chromatography (Hexanes/EtOAc = 2/1) to give GO-Y132 (66.2 mg, 0.132 mmol, 63%) as a colourless oil. 
Colorless oil; IR (CHCl3): 2955, 2903, 2826, 2360, 1680, 1594, 1463, 1439 cm−1; 1H-NMR (400 MHz, CDCl3) δ 
6.60 (1H, t, J = 2.3 Hz), 6.58 (1H, t, J = 2.3 Hz), 6.45 (4H, d, J = 2.3 Hz), 5.14 (4H, s), 5.12 (4H, s), 3.47 (6H, s), 
3.46 (6H, s), 2.56–2.47 (2H, m), 2.38–2.33 (2H, m), 1.73–1.65 (2H, m), 1.41–1.35 (2H, m); 13C-NMR (100 MHz, 
CDCl3) δ 206.7 (206.6), 158.41 (158.38), 143.03 (142.95), 107.52 (107.50), 102.91 (102.85), 94.5 (94.4), 56.03 
(56.00), 33.2 (33.1), 29.4 (29.1), 19.5 (19.3); LR-MS (EI) m/z 502.1 (M+), 278.1 (100%); HR-MS (EI) Calcd. for 




A mixture of GO-Y030 (780 mg, 1.64 mmol) and Pd/C (1.8 mg, 0.016 mmol) in EtOAc (16 mL) was stirred under 
hydrogen atmosphere for 18 h at room temperature. Additional Pd/C (2.6 mg, 0.024 mmol) was added to the reaction 
mixture. After 12 h, the reaction was sparged with nitrogen, filtered through Celite, and concentrated in vacuo. The 
residue was purified by flash column chromatography (2.5/1 to 2/1 Hexanes:EtOAc) to give GO-Y133 (694 mg, 1.45 
mmol, 88%) as a white solid. 
White solid; mp 31–32 °C. IR (CHCl3): 1714, 1595, 1460, 1440 cm−1; 1H-NMR (400 MHz, CDCl3) δ 6.58 (2H, t, J 
= 2.3 Hz), 6.51 (4H, d, J = 2.3 Hz), 5.13 (8H, s), 3.46 (12H, s), 2.84 (4H, t, J = 7.5 Hz), 2.70 (4H, t, J = 7.5 Hz); 13C-
NMR (100 MHz, CDCl3) δ 208.6, 158.3, 143.5, 109.6, 102.6, 94.4, 56.0, 44.1, 29.8; LR-MS (EI) m/z 478(M+), 370 




To a solution of GO-Y133 (426 mg, 0.890 mmol) in dry THF (17.8 mL) was added LHMDS (0.92 mL of 1.3 M 
solution in THF, 1.20 mmol) at −40 °C. After 15 min, to the reaction mixture was added TESCl (0.194 mL, 1.15 
mmol) and the solution was warmed up to 0 °C over 15 min. After 45 min, the mixture was quenched with Et3N 
(Pasteur pipette 16 drops) and saturated aqueous NaHCO3. The resulting solution was extracted with AcOEt. The 
combined organic extracts were washed with brine, dried over MgSO4 and concentrated in vacuo. The residue was 
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purified by silica gel column chromatography (EtOAc/Hexane = 1/5 to 1/2) to give crude silyl enol ether (536 mg, 
0.904 mmol). The crude was dissolved in DMSO (3 mL), to the solution was added Pd(OAc)2 (39.9 mg, 0.178 mmol) 
and purged with oxygen. After being stirred for 9.5 h under oxygen atmosphere, the reaction mixture was quenched 
with NaHCO3 (37.4 mg, 0.444 mmol) and filtered through Celite, and extracted with EtOAc. The combined organic 
extracts were washed with brine, dried over MgSO4 and concentrated in vacuo. The residue was purified by column 
chromatography (EtOAc/Hexane = 1/3) to give GO-Y134 (382 mg, 0.0801 mmol, 89%). 
Colorless oil; IR (CHCl3): 1691, 1662, 1589, 1457 cm−1; 1H-NMR (400 MHz, CDCl3) δ 7.45 (1H, d, J = 16.0 Hz), 
6.88 (2H, d, J = 2.4 Hz), 6.77 (1H, t, J = 2.4 Hz), 6.69 (1H, d, J = 16.0 Hz), 6.59 (1H, t, J = 2.0 Hz), 6.58 (2H, d, J = 
2.0 Hz), 5.17 (4H, s), 5.14 (4H, s), 3.48 (6H, s), 3.47 (6H, s), 3.00–2.91 (4H, m); 13C-NMR (100 MHz, CDCl3) δ 
199.1, 158.6, 158.4, 143.7, 142.4, 136.6, 126.8, 109.8, 109.5, 107.1, 102.7, 94.5, 56.12, 56.06, 42.1, 30.3; LR-MS 




Colorless oil; IR (CHCl3): 2923, 1654, 1598, 1449 cm−1; 1H-NMR (400 MHz, CDCl3) δ 7.64 (2H, d, J = 16.0 Hz), 
7.04 (2H, d, J = 16.0 Hz), 6.99 (4H, d, J = 2.2 Hz), 6.81 (2H, t, J = 2.2 Hz), 5.30 (8H, s), 3.84 (8H, t, J = 4.6 Hz), 
3.58 (8H, t, J = 4.6 Hz), 3.39 (12H, s); 13C-NMR (100 MHz, CDCl3) δ 188.7, 158.5, 143.0, 136.8, 126.0, 109.7, 107.2, 
93.5, 71.5, 67.8, 67.7, 59.01, 58.95; LR-MS (EI) m/z 650 (M+), 89 (100%); HR-MS (EI) Calcd. for C33H46O13: 




Colorless oil; IR (CHCl3): 2952, 1719, 1640, 1591, 1438, 1277 cm−1; 1H-NMR (400 MHz, CDCl3) δ 7.60 (1H, d, J 
= 16.2 Hz), 6.87 (2H, d, J = 2.3 Hz), 6.77 (1H, t, J = 2.3 Hz), 6.41 (1H, d, J = 16.2 Hz), 5.16 (4H, s), 3.80 (3H, s), 
3.48 (6H, s); 13C-NMR (100 MHz, CDCl3) δ 167.2, 158.6, 144.5, 136.5, 118.6, 109.4, 106.9, 94.5, 56.1, 51.7; LR-
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Colorless oil; IR (CHCl3): 1678, 1590, 1451, 1295 cm−1; 1H-NMR (400 MHz, CDCl3) δ 9.69 (1H, d, J = 7.7 Hz), 
7.40 (1H, d, J = 15.9 Hz), 6.92 (2H, d, J = 2.1 Hz), 6.82 (1H, t, J = 2.1 Hz), 6.69 (1H, dd, J = 15.9, 7.7 Hz), 5.18 (4H, 
s), 3.49 (6H, s); 13C-NMR (100 MHz, CDCl3) δ 193.6, 158.7, 152.3, 136.0, 129.2, 109.7, 107.8, 94.5, 56.1; LR-MS 




Colorless oil; IR (CHCl3): 2961, 2931, 1664, 1616, 1590, 1450, 1399, 1271 cm−1; 1H-NMR (400 MHz, CDCl3) δ 
7.51 (1H, d, J = 15.7 Hz), 6.88 (2H, d, J = 2.3 Hz), 6.77 (1H, t, J = 2.3 Hz), 6.67 (1H, d, J = 15.7 Hz), 5.17 (4H, s), 
3.48 (6H, s), 2.99 (2H, t, J = 7.3 Hz), 1.67 (2H, quin, J = 7.3 Hz), 1.01 (3H, t, J = 7.3 Hz); 13C-NMR (100 MHz, 
CDCl3) δ 189.7, 158.50, 158.48, 139.8, 136.2, 125.7, 109.4, 107.0, 94.4, 56.0, 30.8, 22.9, 13.3; LR-MS (EI) m/z 326 




Colorless solid; mp 98–100 °C; IR (CHCl3): 3235, 1658, 1606, 1590 cm−1; 1H-NMR (400 MHz, CDCl3) δ 7.53 (1H, 
d, J = 15.7 Hz), 6.85 (2H, d, J = 2.1 Hz), 6.73 (1H, t, J = 2.1 Hz), 6.34 (1H, d, J = 15.7 Hz), 5.59 (1H, brs), 5.16 (4H, 
s), 3.48 (6H, s), 2.94 (3H, d, J = 4.9 Hz); 13C-NMR (100 MHz, CDCl3) δ 166.4, 158.6, 140.6, 137.0, 121.3, 109.1, 





Yellow oil; IR (CHCl3): 2952, 2826, 1668, 1590, 1436, 1400 cm−1; 1H-NMR (400 MHz, CDCl3) δ 7.69 (2H, s), 6.81 
(4H, d, J = 2.1 Hz), 6.74 (2H, t, J = 2.1 Hz), 5.17 (8H, s), 3.48 (12H, s), 2.91 (4H, t, J = 5.9 Hz), 1.79 (2H, quint, J = 
5.9 Hz); 13C-NMR (100 MHz, CDCl3) δ 190.2, 158.1, 137.9, 136.68, 136.62, 111.8, 105.3, 94.6, 56.1, 28.4, 22.9; 
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To a solution of GO-Y157 (36.6 mg, 0.136 mmol) and PPh3 (3.7 mg, 0.0136 mmol) and PhSiH (16.7 µL, 0.136 
mmol) in dry toluene (0.23 mL) was added azide 56 (261 µL, 0.73 M toluene solution, 0.19 mmol). After refluxed 
for 1 day, the reaction mixture was purified by silica gel column chromatography (EtOAc/Hexane = 1/1.5 to EtOAc) 
to give GO-Y154 (35 mg, 0.073 mmol, 54%). 
Colorless solid; mp 89–90 °C; IR (CHCl3): 3282, 2955, 1659, 1597, 1546, 1455 cm−1; 1H-NMR (400 MHz, CDCl3) 
δ 7.56 (1H, d, J = 15.5 Hz), 6.84 (2H, d, J = 2.3 Hz), 6.73 (1H, t, J = 2.3 Hz), 6.65 (3H, s), 6.39 (1H, d, J = 15.5 Hz), 
6.05 (1H, brs), 5.15 (4H, s), 5.14 (4H, s), 4.49 (2H, d, J = 5.3 Hz), 3.47 (6H, s), 3.46 (6H, s); 13C-NMR (100 MHz, 
CDCl3) δ 165.5, 158.51, 158.49, 141.0, 140.5, 136.8, 121.1, 109.1, 106.3, 103.8, 94.5, 94.4, 56.04, 56.03, 43.8; LR-




Yellow plate (EtOAc:hexane = 1.5:1) mp 104–108 °C; IR (CHCl3): 1650, 1590, 1502, 1489, 1447 cm−1; 1H-NMR 
(400 MHz, CDCl3) δ 7.65 (1H, d, J = 16.1 Hz), 7.62 (1H, d, J = 16.1 Hz), 7.13 (1H, d, J = 1.8 Hz), 7.10 (1H, dd, J = 
8.0, 1.8 Hz), 7.00 (1H, d, J = 16.1 Hz), 6.96 (2H, d, J = 2.3 Hz), 6.92 (1H, d, J = 16.1 Hz), 6.84 (1H, d, J = 7.9 Hz), 
6.79 (1H, t, J = 2.3 Hz), 6.02 (2H, s), 5.19 (4H, s), 3.50 (6H, s); 13C-NMR (100 MHz, CDCl3) δ 188.6, 158.5, 149.9, 
148.4, 143.2, 142.6, 136.9, 129.2, 126.3, 125.1, 123.3, 109.5, 108.6, 107.0, 106.6, 101.6, 94.5, 56.1; LR-MS (EI) m/z 




Colorless needle (EtOAc:hexane = 1.5:1) mp 126–128 °C; IR (CHCl3): 2946, 2904, 1688, 1634, 1598, 1279 cm−1; 
1H-NMR (400 MHz, CDCl3) δ 7.70 (1H, d, J = 15.9 Hz), 6.90 (2H, d, J = 2.1 Hz), 6.79 (1H, t, J = 2.1 Hz), 6.43 (1H, 
d, J = 15.9 Hz), 5.18 (4H, s), 3.49 (6H, s); 13C-NMR (100 MHz, CDCl3) δ172.0, 158.6, 146.7, 136.1, 118.1, 109.6, 





Yellow solid (EtOAc:hexane = 1:2) mp 82–83 °C; IR (CHCl3): 2955, 1665, 1590, 1450, 1400 cm−1; 1H-NMR (400 
MHz, CDCl3) δ 7.69 (1H, d, J = 15.7 Hz), 7.37 (1H, d, J = 15.7 Hz), 7.30 (2H, d, J = 1.9 Hz), 6.98–6.96 (3H, m), 
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6.81 (1H, t, J = 2.1 Hz), 5.21 (4H, s), 5.19 (4H, s), 3.503 (6H, s), 3.496 (6H, s); 13C-NMR (100 MHz, CDCl3) δ 189.9, 
158.6, 158.4, 144.7, 140.2, 136.9, 122.8, 109.8, 109.7, 109.1, 107.0, 94.54, 94.51, 56.2, 56.1; LR-MS (EI) m/z 448 




Yellow needle (EtOAc:hexane = 1:2) mp 200–201 °C; IR (CHCl3): 1631, 1591, 1146 cm−1; 1H-NMR (400 MHz, 
CDCl3) δ 7.57 (2H, d, J = 15.7 Hz), 6.91 (4H, d, J = 2.2 Hz), 6.77 (2H, t, J = 2.2 Hz), 6.59 (2H, d, J = 15.7 Hz), 5.86 
(1H, s), 5.19 (8H, s), 3.50 (12H, s); 13C-NMR (100 MHz, CDCl3) δ 183.2, 158.6, 140.3, 137.1, 124.8, 109.4, 106.7, 





To a solution of GO-Y134 (82 mg, 0.172 mmol) in dry THF (5 ml) was added LHMDS (0.39 mL of 1.3 M solution 
in THF, 0.52 mmol) at −40 °C. After 35 min, to the reaction mixture was added TsCN (124 mg, 0.688 mmol) in dry 
THF (1 ml) at −40 °C. After 20 min, the mixture was quenched with saturated aqueous NH4Cl. The resulting solution 
was extracted with AcOEt. The combined organic extracts were washed with brine, dried over MgSO4 and 
concentrated in vacuo. The residue was purified by flash silica gel column chromatography (EtOAc/Hexane = 1/4 to 
1/2) to give GO-Y160 (41.8 mg, 0.0832 mmol, 48%) as a colorless oil. 
Colorless oil; IR (CHCl3): 2926, 2201, 1697, 1595 cm−1; 1H-NMR (400 MHz, CDCl3) δ 7.64 (1H, d, J = 15.9 Hz), 
6.90 (2H, d, J = 1.8 Hz), 6.88 (1H, d, J = 15.9 Hz), 6.83 (1H, t, J = 1.8 Hz), 6.66 (1H, t, J = 1.9 Hz), 6.63 (2H, d, J = 
1.9 Hz), 5.18 (4H, s), 5.14 (4H, s), 3.91 (1H, dd, J = 8.9, 5.8 Hz), 3.49 (6H, s), 3.46 (6H, s), 3.24 (1H, dd, J = 14.0, 
5.8 Hz), 3.10 (1H, dd, J = 14.0, 8.9 Hz); 13C-NMR (100 MHz, CDCl3) δ 188.9, 158.63, 158.59, 146.4, 138.1, 135.6, 
122.1, 117.0, 110.3, 110.0, 108.0, 104.0, 94.5, 56.1, 56.0, 44.7, 35.3; LR-MS (EI) m/z 501 (M+), 45 (100%); HR-MS 




To a solution of GO-Y134 (188 mg, 0.393 mmol) in dry THF (16 ml) was added LHMDS (0.81 mL of 1.3 M solution 
in THF, 1.05 mmol) at −40 °C. After 7 min, to the reaction mixture was added TESCl (171 µL, 1.02 mmol) at −40 °C. 
- 67 - 
 
After 1 h, the mixture was quenched with Et3N (Pasteur pipette 14 drops) and saturated aqueous NaHCO3. The 
resulting solution was extracted with EtOAc. The combined organic extracts were washed with brine, dried over 
MgSO4 and concentrated in vacuo. The residue was purified by flash silica gel column chromatography 
(EtOAc/Hexane = 1/4 to 1/2) to give silyl enol ether S1-1 (208 mg, 0.0350 mmol, 89%) that was used in the next 




To a Selectfluor® (113 mg, 0.32 mmol) was added resultant crude silyl enol ether S5 (47.4 mg, 0.802 mmol) in dry 
DMF (8 ml) at 0 °C. After being stirred for 29 h at room temperature, the reaction mixture was quenched with 
saturated aqueous NaHCO3. The resulting solution was extracted with AcOEt. The combined organic extracts were 
washed with brine, dried over MgSO4 and concentrated in vacuo. The residue was purified by flash silica gel column 
chromatography (EtOAc/Hexane = 1/4 to 1/2) to give α-fluoro enone 8 (26.6 mg, 0.0536 mmol, 67%) as a colorless 
oil. After same procedure was repeated, GO-Y161 (9.85 mg, 0.0192 mmol, 94% for 2 steps) was given. 
Colorless oil; IR (CHCl3): 2956, 2904, 1704, 1609, 1455, 1440 cm−1; 1H-NMR (400 MHz, CDCl3) δ 7.72 (1H, d, J 
= 15.7 Hz), 6.95 (1H, d, J = 15.7 Hz), 6.89 (2H, d, J = 2.3 Hz), 6.81 (1H, t, J = 2.3 Hz), 6.67 (1H, t, J = 2.0 Hz), 6.63 
(2H, d, J = 2.0 Hz), 5.17 (4H, s), 5.13 (4H, s), 3.48 (6H, s), 3.45 (6H, s), 3.32 (2H, t, 3JHF = 17.1 Hz); 13C-NMR (100 
MHz, CDCl3) δ 189.1 (t, 2JCF = 30.3 Hz), 158.6, 158.2, 147.2, 135.9, 133.2 (t, 3JCF = 4.1 Hz), 118.7, 117.4 (t, 1JCF = 
253.9 Hz), 112.2, 110.0, 108.0, 104.1, 94.47, 94.45, 56.1, 56.0, 39.7 (t, 2JCF = 23.7 Hz); LR-MS (EI) m/z 512 (M+), 




To a solution of GO-Y134 (45.0 mg, 0.0944 mmol) in dry THF (1 mL) was added LHMDS (0.10 mL of 1.3 M 
solution in THF, 0.141 mmol) at −40 °C. After 20 min, to the reaction mixture was added NCS (37.8 mg, 0.283 
mmol) in dry THF (0.8 mL). After being stirred for 30 min at −40 °C, the reaction mixture was quenched with 
saturated aqueous NaHCO3. The resulting solution was extracted with EtOAc. The combined organic extracts were 
washed with brine, dried over MgSO4 and concentrated in vacuo. The residue was purified by flash silica gel column 
chromatography (EtOAc/Hexane = 1/5 to 1/2) to give α-chloro enone 58 (24.1 mg, 0.0471 mmol, 50%) and GO-
Y162 (14.0 mg, 0.0257 mmol, 27%). α-Chloro enone 58 was converted to GO-Y162 (11.1 mg, 0.0204 mmol, 43%) 
with repeated procedure. 
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Colorless oil; IR (CHCl3): 2955, 1725, 1698, 1610, 1595, 1456, 1439, 1400 cm−1; 1H-NMR (400 MHz, CDCl3) δ 
7.78 (1H, d, J = 15.5 Hz), 7.38 (1H, d, J = 15.5 Hz), 6.95 (2H, d, J = 1.9 Hz), 6.82 (1H, t, J = 1.9 Hz), 6.75 (2H, d, J 
= 1.9 Hz), 6.72 (1H, m), 5.19 (4H, s), 5.15 (4H, s), 3.64 (2H, s), 3.49 (6H, s), 3.47 (6H, s); 13C-NMR (100 MHz, 
CDCl3) δ 186.8, 158.6, 157.8, 146.8, 136.2, 135.9, 119.5, 113.3, 110.0, 107.5, 104.1, 94.6, 94.5, 87.8, 56.15, 56.05, 




To a solution of GO-Y134 (25.5 mg, 0.0534 mmol) in dry THF (1 mL) was added LHMDS (0.08 mL of 1.3 M 
solution in THF, 0.11 mmol) at −40 °C. After 30 min, to the reaction mixture was added NBS (23.7 mg, 0.133 mmol) 
in dry THF (1.5 ml) at −40 °C. After 30 min, the mixture was quenched with saturated aqueous NaHCO3. The 
resulting solution was extracted with AcOEt. The combined organic extracts were washed with brine, dried over 
MgSO4 and concentrated in vacuo. The residue was purified by flash silica gel column chromatography 
(EtOAc/Hexane = 1/4) to give GO-Y163 (14.7 mg, 0.0232 mmol, 43%) as a colorless oil. 
Colorless oil; IR (CHCl3): 2954, 1688, 1610, 1593, 1455 cm−1; 1H-NMR (400 MHz, CDCl3) δ 7.76 (1H, d, J = 15.5 
Hz), 7.55 (1H, d, J = 15.5 Hz), 6.96 (2H, d, J = 2.3 Hz), 6.83 (1H, t, J = 2.3 Hz), 6.80 (2H, d, J = 2.3 Hz), 6.73 (1H, 
t, J = 2.3 Hz), 5.19 (4H, s), 5.16 (4H, s), 3.83 (2H, s), 3.49 (6H, s), 3.48 (6H, s); 13C-NMR (100 MHz, CDCl3) δ 
186.7, 158.6, 157.7, 146.1, 137.6, 136.2, 120.7, 113.3, 110.0, 107.4, 104.1, 94.7, 94.5, 69.1, 56.2, 56.1, 49.2; LR-MS 




Yellow solid (EtOAc:hexane = 1:6) mp 64–66 °C; IR (CHCl3): 2954, 1688, 1610, 1593, 1455 cm−1; 1H-NMR (400 
MHz, CDCl3) δ 8.07 (2H, d, J = 16.1 Hz), 7.33 (2H, d, J = 2.9 Hz), 7.11 (2H, d, J = 16.1 Hz), 7.11 (2H, s), 7.05 (2H, 
dd, J = 9.3, 2.9 Hz), 5.22 (4H, s), 5.16 (4H, s), 3.51 (6H, s), 3.50 (6H, s); 13C-NMR (100 MHz, CDCl3) δ 189.3, 152.0, 
151.5, 137.7, 126.4, 125.5, 119.8, 116.4, 115.2, 95.2, 95.0, 56.2, 55.9; LR-MS (EI) m/z 474 (M+), 45 (100%); HR-
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To a solution of GO-Y160 (4.25 mg, 0.00847 mmol) in dry benzene (0.8 mL) was added DDQ (2.47 mg, 0.0108 
mmol). After 23 h, to the reaction mixture was added DDQ (4.8 mg, 15 mmol). After being stirred for 7 h at room 
temperature, the reaction was diluted with Et2O, quenched with saturated aqueous NaHCO3, and extracted with Et2O. 
The combined organic layers were washed with saturated aqueous NaHCO3, dried over MgSO4, and concentrated in 
vacuo. The residue was purified by flash silica gel column chromatography (EtOAc/Hexane = 1/3 to 1/1) to give 
GO-Y165 (1.28 mg, 0.00272 mmol, 32%) and GO-Y160 (1.36 mg, 0.00271 mmol, 32%). 
Yellow solid; mp: 107–108 °C; IR (CHCl3): 2923, 2216, 1676, 1590, 1438 cm−1; 1H-NMR (600 MHz, CDCl3) δ 8.23 
(1H, s), 7.83 (1H, d, J = 15.4 Hz), 7.46 (1H, d, J = 15.4 Hz), 7.40 (2H, d, J = 2.1 Hz), 7.00 (2H, d, J = 2.4 Hz), 6.95 
(1H, t, J = 2.1 Hz), 6.85 (1H, t, J = 2.4 Hz), 5.22 (4H, s), 5.20 (4H, s), 3.51 (6H, s), 3.50 (6H, s); 13C-NMR (150 
MHz, CDCl3) δ 181.9, 158.6, 153.8, 146.9, 136.1, 133.6, 121.1, 117.2, 112.2, 110.8, 110.3 110.1, 107.8, 94.6, 94.5, 




Yellow oil; IR (CHCl3): 2954, 1590, 1438, 1400 cm−1; 1H-NMR (400 MHz, CDCl3) δ 7.83 (2H, brs), 7.74 (2H, s), 
6.76 (2H, t, J = 1.9 Hz), 6.72 (4H, d, J = 1.9 Hz), 5.17 (8H, s), 4.17 (4H, s), 3.48 (12H, s), 1.96 (3H, s); 13C-NMR 
(100 MHz, CDCl3) δ 186.8, 176.0, 158.2, 136.8, 136.7, 133.9, 111.7, 105.8, 94.5, 56.0, 47.0, 21.4; LR-MS (EI) m/z 




Yellow oil; IR (CHCl3): 2951, 1674, 1591, 1448 cm−1; 1H-NMR (400 MHz, CDCl3) δ 7.71 (2H, s), 6.76–6.75 (6H, 
m), 5.17 (8H, s), 3.75 (4H, s), 3.49 (12H, s), 2.45 (3H, s); 13C-NMR (150 MHz, CDCl3) δ 186.6, 158.1, 137.0, 135.9, 
133.5, 111.6, 105.4, 94.5, 56.8, 55.9, 45.6; LR-MS (EI) m/z 529 (M+, 100%); HR-MS (EI) Calcd. for C28H35NO9: 




To a solution of GO-Y162 (10.1 mg, 0.0184 mmol) in dry DMF (1.8 mL) was added Li2CO3 (2.7 mg, 0.0369 mmol). 
After being stirred for 8 h at 120 °C, the reaction was quenched with saturated aqueous NH4Cl, and extracted with 
Et2O. The combined organic layers were dried over MgSO4, and concentrated in vacuo. The residue was purified by 
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flash silica gel column chromatography (EtOAc/Hexane = 1/4) to give GO-Y168 (6.76 mg, 0.0132 mmol, 72%) as 
a yellow amorphous. 
Yellow amorphous (AcOEt:hexane = 1:6) mp 85–89 °C; IR (CHCl3): 2955, 1664, 1590, 1466 cm−1; 1H-NMR (400 
MHz, CDCl3) δ 7.77 (1H, s), 7.73 (1H, d, J = 15.6 Hz), 7.50 (1H, d, J = 15.6 Hz), 7.25 (2H, d, J = 2.0 Hz), 6.98 (2H, 
d, J = 2.0 Hz), 6.83–6.81 (2H, m), 5.20, (8H, s), 3.50 (12H, s); 13C-NMR (100 MHz, CDCl3) δ 185.1, 158.6, 158.2, 
145.7, 136.6, 135.3, 134.9, 131.1, 121.0, 112.2, 109.9, 107.3, 107.0, 94.6, 94.5, 56.18, 56.16; LR-MS (FAB) m/z 508 




To a solution of GO-Y163 (3.66 mg, 0.00577 mmol) in dry DMF (0.57 mL) was added Li2CO3 (0.9 mg, 0.01 mmol). 
After being stirred for 1.75 h at 120 °C, the reaction was quenched with saturated aqueous NH4Cl, and extracted with 
Et2O. The combined organic layers were dried over MgSO4, and concentrated in vacuo. The residue was purified by 
silica gel column chromatography (EtOAc/Hexane = 1/3 to 1/2) to give GO-Y169 (3.01 mg, 0.00543 mmol, 94%) 
as a yellow amorphous. 
Yellow amorphous (AcOEt:hexane = 1:6) mp 79–82 °C; IR (CHCl3): 2954, 1662, 1589, 1448 cm−1; 1H-NMR (600 
MHz, CDCl3) δ 7.99 (1H, s), 7.70 (1H, d, J = 15.7 Hz), 7.47 (1H, d, J = 15.7 Hz), 7.25 (2H, d, J = 2.1 Hz), 6.97 (2H, 
d, J = 2.1 Hz), 6.828 (1H, t, J = 2.1 Hz), 6.821 (1H, t, J = 2.1 Hz), 5.20 (8H, s), 3.50 (12H, s); 13C-NMR (150 MHz, 
CDCl3) δ 185.5, 158.6, 158.1, 145.6, 138.9, 136.6, 135.7, 123.8, 121.7, 111.6, 109,9, 107.3, 107.0, 94.6, 94.5, 56.2, 




To a solution of silyl enol ether S1-1 (0.01 M in THF, 8 mL, 0.080 mmol) was added NBS (17.6 mg, 0.0992 mmol) 
at 0 °C. After being stirred for 20 min at 0 °C, the mixture was quenched with saturated aqueous NaHCO3. The 
resulting solution was extracted with AcOEt. The combined organic extracts were washed with brine, dried over 
MgSO4 and concentrated in vacuo. The residue was purified by flash silica gel column chromatography 
(EtOAc/Hexane = 1/4) to give bromoketone (43.0 mg, 0.0776 mmol) as a crude oil. To a solution of bromoketone 
(0.0776 mmol) in dry THF (3 mL) was added TESCl (0.13 mL, 0.776 mmol) and LHMDS (0.59 mL of 1.3 M solution 
in THF, 0.776 mmol) at −40 °C. After 30 min, the mixture was quenched with Et3N (Pasteur pipette 6 drops) and 
saturated aqueous NaHCO3. The resulting solution was extracted with AcOEt. The combined organic extracts were 
washed with brine, dried over MgSO4 and concentrated in vacuo. The residue was purified by flash silica gel column 
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chromatography (EtOAc/Hexane = 1/6 to 1/4) to give α-bromo silyl enol ether (41.6 mg, 0.0621 mmol). To a 
Selectfluor® (87.9 mg, 0.248 mmol) was added resultant α-bromo silyl enol ether (41.6 mg, 0.0621 mmol) in dry 
DMF (5 mL) at 0 °C. After being stirred for 5 h at room temperature, the reaction mixture was quenched with saturated 
aqueous NaHCO3. The resulting solution was extracted with AcOEt. The combined organic extracts were washed 
with brine, dried over MgSO4 and concentrated in vacuo. The residue was purified by flash silica gel column 
chromatography (EtOAc/Hexane = 1/4 to 1/2) to give α-bromo α-fluoro enone 57 (29.5 mg, 0.0514 mmol). To a 
solution of resultant α-bromo α-fluoro enone 57 (29.5 mg, 0.0514 mmol) in dry DMF (5 mL) was added Li2CO3 (7.6 
mg, 0.102 mmol). After being stirred for 1.75 h at 120 °C, the reaction mixture was quenched with saturated aqueous 
NH4Cl. The resulting solution was extracted with AcOEt. The combined organic extracts were washed with brine, 
dried over MgSO4 and concentrated in vacuo. The residue was purified by preparative TLC (EtOAc/toluene = 1/17, 
thrice) to give GO-Y170 (14.6 mg, 0.0296 mmol, 64% for 4 steps) as a yellow amorphous. 
Yellow amorphous; mp 80–83 °C; IR (CHCl3): 2956, 1680, 1590, 1440 cm−1; 1H-NMR (600 MHz, CDCl3) δ7.78 
(1H, d, J = 15.7 Hz), 7.33 (1H, dd, J = 15.7, 2.7 Hz), 7.08 (2H, d, J = 2.2 Hz), 6.98 (2H, d, J = 2.1 Hz), 6.89 (1H, d, 
3JHF = 36.2 Hz), 6.82 (1H, t, J = 2.2 Hz), 6.79 (1H, t, J = 2.1 Hz), 5.20 (4H, s), 5.19 (4H, s), 3.50 (12H, s); 13C-NMR 
(150 MHz, CDCl3) δ 183.1 (d, 2JCF = 31.5 Hz), 158.6, 158.4, 155.0 (d, 1JCF = 275.1 Hz), 145.5, 136.5, 133.1 (3JCF = 
3.0 Hz), 120.1, 115.9 (2JCF = 4.3 Hz), 112.0 (d, 4JCF = 8.6 Hz), 110.0, 107.6, 106.8, 94.6, 94.5, 56.18, 56.16; LR-MS 




Colorless oil; IR (CHCl3): 2965, 1684, 1610, 1589, 1477, 1283 cm−1; 1H-NMR (400 MHz, CDCl3) δ 7.58 (1H, J = 
15.6 Hz), 7.06 (1H, d, J = 15.6 Hz), 6.90 (2H, d, J = 2.0 Hz), 6.79–6.77 (1H, m), 5.18 (4H, s), 3.49 (6H, s), 1.22 (9H, 
s); 13C-NMR (100 MHz, CDCl3) δ 203.9, 158.4, 142.5, 136.9, 121.3, 109.5, 106.5, 94.4, 56.0, 43.1, 26.2; LR-MS 
(EI) m/z 308 (M+), 45 (100%); HR-MS (EI) Calcd. for C17H24O5: 308.1624, found: 308.1610. 
 
Compound Data (Other) 
3,5-Bis-[2-(tetrahydro-pyran-2-yloxy)-ethoxy]-benzaldehyde (S1-2) 
 
Colorless oil; IR (neat): 2941, 2872, 1698, 1593, 1449 cm−1; 1H-NMR (400 MHz, CDCl3) δ 9.89 (1H, s), 7.05 (2H, 
d, J = 2 Hz), 6.80 (1H, t, J = 2.2 Hz), 4.71 (2H, t, J = 3.4 Hz), 4.21–4.18 (4H, m), 4.06 (2H, dt, J = 11.2, 5.1 Hz), 
3.89–3.87 (2H, m), 3.85–3.81 (2H, m), 3.55–3.52 (2H, m), 1.87–1.79 (2H, m), 1.78–1.71 (2H, m), 1.67–1.51 (8H, 
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m); 13C-NMR (100 MHz, CDCl3) δ 191.9, 160.5, 138.2, 108.5, 108.0, 99.0, 67.8, 65.6, 62.2, 30.5, 25.4, 19.3; LR-




Colorless oil; IR (CHCl3): 2930, 2730, 1697, 1593, 1448 cm−1; 1H-NMR (400 MHz, CDCl3) δ 9.88 (1H, s), 7.04 (2H, 
d, J = 2.4 Hz), 6.79 (1H, t, J = 1.8 Hz), 4.15 (4H, t, J = 4.6 Hz), 3.76 (4H, t, J = 4.6 Hz), 3.45 (6H, s); 13C-NMR (100 
MHz, CDCl3) δ 191.8, 160.3, 138.3, 77.0, 70.7, 67.6, 59.2; LR-MS (EI) m/z 254 (M+), 58 (100%); HR-MS (EI) Calcd. 




Colourless oil; IR (CHCl3): 2927, 1652, 1590, 1441 cm−1; 1H-NMR (400 MHz, CDCl3) δ 7.42 (1H, d, J = 16.8 Hz), 
6.90 (2H, d, J = 2.4 Hz), 6.77 (1H, t, J = 2.2 Hz), 6.67 (1H, J = 16 Hz), 5.18 (4H, s), 3.49 (6H, s), 2.37 (3H, s); 13C-
NMR (100 MHz, CDCl3) δ 198.3, 158.6, 143.1, 136.5, 127.7, 109.4, 107.1, 94.5, 56.1, 27.4; LR-MS (EI) m/z 266 




Colorless oil; IR (CHCl3): 2998, 2955, 2904, 2827, 1698, 1594, 1463, 1439 cm−1; 1H-NMR (400 MHz, CDCl3) δ 
6.60–6.59 (1H, t, J = 2.0 Hz), 6.43 (2H, d, J = 2.0 Hz), 5.13 (4H, s), 3.47 (6H, s), 2.48–2.43 (1H, m), 2.29 (3H, s), 
2.22–2.18 (1H, m), 1.66–1.61 (1H, m), 1.37–1.32 (1H, m); 13C-NMR (100 MHz, CDCl3) δ 206.5, 158.4, 142.9, 107.5, 
102.9, 94.4, 56.0, 32.7, 30.7, 28.9, 19.0; LR-MS (EI) m/z 280 (M+), 235 (100%); HR-MS (EI) Calcd. for C15H20O5: 




Colorless oil; IR (CHCl3) : 2956, 2827, 2102, 1598, 1460 cm−1; 1H-NMR (400 MHz, CDCl3) δ 6.70 (1H, t, J = 2.1 
Hz), 6.66 (2H, d, J = 2.1 Hz), 5.16 (4H, s), 4.27 (2H, s), 3.48 (6H, s); 13C-NMR (100 MHz, CDCl3) δ 158.6, 137.7, 
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Colourless oil; IR (neat): 1689, 1662, 1593, 1439, 1400 cm-1; 1H-NMR (400 MHz, CDCl3) 7.39 (1H, d, J = 15.9 
Hz), 7.36-7.33 (2H, m), 7.25-7.22 (3H, m), 6.85 (2H, d, J = 2.2 Hz), 6.77 (1H, t, J = 2.2 Hz), 6.65 (2H, d, J = 2.2 
Hz),6.62 (1H, d, J = 15.9 Hz), 6.57 (1H, t, J = 2.2 Hz), 5.16 (4H, s), 5.11-5.06 (4H, m), 4.76 (1H, dd, J = 6.9, 6.9 
Hz), 3.48 (6H, s), 3.44 (6H, s), 3.25 (1H, d, J = 6.9 Hz), 3.23 (1H, d, J = 6.9 Hz); 13C-NMR (100 MHz, CDCl3)  
196.7, 158.6, 158.2, 143.6, 142.9, 136.4, 134.2, 133.0, 128.8, 127.6, 126.8, 109.6, 109.3, 107.3, 103.8, 94.6, 94.5, 





Colorless oil (diastereo mixture); IR (neat): 1714, 1593, 1438, 1400 cm-1; 1H-NMR (400 MHz, CDCl3)  7.39-6.98 
(10H, m), 6.77-6.68 (1H, m), 6.57-6.50 (4H, m), 6.41-6.29 (1H, m), 5.10-5.02 (8H, m), 4.97-4.79 (0.33H, m) 4.59-
4.53 (1.66H, m), 3.44-3.42 (12H, m), 3.35-3.32 (1.33H, m), 3.02-2.85 (2.66H, m); 13C-NMR (100 MHz, CDCl3)  
166.8, (158.2, 158.1), (143.3, 143.3), 133.8, (133.1, 133.0), (128.8, 128.7, 128.6). (127.6, 127.6), (109.1, 109.0), 
(103.8, 103.8), (94.5, 94.4), (56.0, 56.0), 49.1, (47.8, 47.7); LR-MS (EI) m/z 694 (M+), 110 (100%); HR-MS (EI) 




Colorless oil; IR (CDCl3): 1736, 1592, 1438, 1213 cm-1; 1H-NMR (400 MHz, CDCl3)  7.43 (1H, d, J = 16.1 Hz), 
6.87 (2H, d, J = 2.5 Hz), 6.77 (1H, t, J = 2.5 Hz), 6.74 (1H, d, J = 16.1 Hz), 6.73 (2H, d, J = 2.1 Hz), 6.63 (1H, t, J = 
2.1 Hz), 5.16-5.12 (8H, m), 4.56 (1H, d, J = 6.9 Hz), 3.69 (3H, s), 3.48 (6H, s), 3.47 (6H, s), 3.21 (2H, d, J = 6.9 Hz), 
3.10 (2H, d, J = 8.8 Hz); 13C-NMR (100 MHz, CDCl3)  196.0, 170.5, 158.6, 158.4, 143.1, 143.0, 136.4, 126.6, 
109.55, 109.48, 107.2, 103.8, 94.55, 94.48, 56.1, 52.4, 46.6, 44.8, 33.0; LR-MS (EI) m/z 581 ([M+H]+), 251 (100%); 
HR-MS (EI) Calcd. for C28H37O11S: 581.2057, found: 581.2075. 
 




Colorless oil (diastereo mixture); IR (CHCl3): 1736, 1592, 1438, 1213 cm-1; 1H-NMR (400 MHz, CDCl3)  6.64 (2H, 
d, J = 2.0 Hz), 6.62 (2H, d, J = 2.0 Hz), 6.60, (2H, t, J = 2.0 Hz), 5.16-5.07 (8H, m), 4.44-4.38 (2H, m), 3.68 (3H, s), 
3.67 (3H, s), 3.47 (6H, s), 3.46 (6H, s), 3.10-2.85 (8H, m); 13C-NMR (100 MHz, CDCl3)  202.9, (170.5, 170.4), 
(158.4, 158.3), (142.83, 142.81), (109.33, 109.30), (103.9, 103.8), (94.54, 94.52), (56.10, 56.09), (52.35, 52.32), 49.0, 





Colorless oil (diastereo mixture); IR (CDCl3): 3450, 1658, 1593, 1453 cm-1; 1H-NMR (400 MHz, CDCl3)  7.46 
(0.5H, d, J = 15.9 Hz), 7.46 (0.5H, d, J = 16.4 Hz), 6.88 (2H, d, J = 2.1 Hz), 6.77 (1H, t, J = 2.1 Hz), 6.74 (1H, d, J 
= 1.9 Hz), 6.73 (1H, d, J = 2.4 Hz), 6.68 (0.5H, d, J = 15.9 Hz), 6.67 (0.5H, d, J = 16.4 Hz), 6.64-6.62 (1H.m), 5.20-
5.12 (8H, m), 4.45 (0.5H, dd, J = 6.1, 8.3 Hz), 4.41 (0.5H, dd, J =6.1, 8.3 Hz), 3.84-3.79 (0.5H, m), 3.74-3.68 (0.5H, 
m), 3.70-3.56 (2H, m), 3.483 (6H, s), 3.476 (6H, s), 3.23 (0.5H, dd, J = 8.3, 17.0 Hz), 3.22 (0.5H, dd, J = 8.3, 17.0 
Hz), 3.14 (1H, dd, J = 6.1, 17.0 Hz), 2.60-2.46 (2H, m), 1.71 (2H, brs); 13C-NMR (100 MHz, CDCl3)  (196.8, 196.6), 
158.6, 158.4, 144.1, (143.3, 143.2), 136.2, 126.4, 109.5, (109.2, 109.1), 107.4, 103.9, (94.5, 94.4, 94.4, two carbon), 
71.1, 69.4, 65.3, (56.1, 56.1), (47.3, 47.0), 45.2, 43.9, (35.2, 34.8); LR-MS (FAB) m/z 583 ([M+H]+); HR-MS (FAB) 





Yellow oil (diastereo mixture); IR (neat): 3420, 2925, 1715, 1597, 1460 cm-1; 1H-NMR (400 MHz, CD3OD)  6.67-
6.65 (2H, m), 6.64-6.62 (2H, m), 6.58-6.57 (1H, m), 6.55-6.53 (1H, m), 5.15-5.10 (8H, m), 4.27-4.22 (2H, m), 3.65-
3.56 (2H, m) 3.55-3.42 (4H, m), 3.44 (6H, s), 3.42 (6H, s), 3.05-2.84 (4H, m), 2.54-2.33 (4H, m); 13C-NMR (100 
MHz, CDCl3)  (206.8, 206.7), (159.7, 159.6), (145.6, 145.6, 145.6), (110.4, 110.4, 110.3, 110.3), 104.7, (95.5, 95.5), 
(72.7, 72.2), 65.9, (56.3, 56.3), (50.5, 50.4, 50.4), (45.7, 45.7, 45.6, 45.6), (35.5, 35.5, 35.3, 35.2); LR-MS (FAB) m/z 
713 ([M+Na]+), 45 (100%); HR-MS (FAB) Calcd. for C31H46O13S2Ns: 713.2278, found: 713.2278. 
 




Colorless oil; IR (neat): 3377, 1711, 1663, 1593, 1509, 1454 cm-1; 1H-NMR (400 MHz, CDCl3) 7.43 (1H, d, J = 
16.4 Hz), 6.87 (2H, d, J = 1.9 Hz), 6.77 (1H, t, J = 1.9 Hz), 6.73 (2H, d, J = 2.2 Hz), 6.64 (1H, d, J = 16.4 Hz), 6.62 
(1H, t, J = 2.2 Hz), 5.16-5.14 (8H, m), 4.96 (1H, brs), 4.39 (1H, dd, J = 7.1, 7.1 Hz), 3.48 (6H.s), 3.47 (6H, s), 3.30-
3.11 (4H, m), 2.55-2.50 (2H, m), 1.43 (9H, s); LR-MS (FAB) m/z 652 ([M+H]+); HR-MS (FAB) Calcd. for 




Colorless oil (diastereo mixture); IR (CHCl3): 3370, 1713, 1595, 1512 cm-1; 1H-NMR (400 MHz, CDCl3) 6.60 (2H, 
d, J = 1.9 Hz), 6.27-6.60 (3H, m), 6.59 (1H, t, J = 1.9 Hz), 5.16-5.10 (8H, m), 4.25-4.20 (2H, m), 3.47-3.46 (12H, 
m), 3.40-3.22 (4H, m), 2.98-2.79 (4H, m), 2.50-2.43 (4H, m), 1.40 (18H, s); 13C-NMR (150 MHz, CDCl3)  203.7, 
(158.49, 158.46), 155.7, (144.2, 144.1), (109.1, 109.0), (103.9, 103.8), 94.5, 79.3, 56.2, 49.9, (43.78, 43.73), 39.4, 
(32.03, 31.96), 28.5; LR-MS (FAB) m/z 829 ([M+H]+), 57 (100%); HR-MS (FAB) Calcd. for C39H61N2O13S2: 




Colorless oil; IR (CHCl3): 1659, 1593, 1453 cm-1; 1H-NMR (400 MHz, CDCl3)  7.46 (1H, d, J = 16.1 Hz), 6.88 
(2H, d, J = 2.1 Hz), 6.77 (1H, t, J = 2.1 Hz), 6.73 (2H, d, J = 2.3 Hz), 6.67 (1H, d, J = 16.1 Hz), 6.63 (1H, t, J = 2.3 
Hz), 6.19 (1H, brs), 5.17 (4H, s), 5.15 (4H, s), 4.36 (1H, dd, J = 8.5, 5.8 Hz), 3.48 (6H.s), 3.47 (6H, s), 3.48-3.30 
(2H, m), 3.22 (1H, dd, J = 16.9, 8.5 Hz), 3.11 (1H, dd, J = 16.9, 5.8 Hz), 2.62-2.50 (2H, m), 1.99 (3H, s); 13C-NMR 
(100 MHz, CDCl3)  196.7, 170.1, 158.6, 158.5, 144.5, 143.2, 136.3, 126.6, 109.5, 109.1, 107.4, 103.8, 74.5, 56.1, 
56.1, 47.1, 44.1, 38.1, 31.5, 23.2; LR-MS (FAB) m/z 594 ([M+H]+); HR-MS (FAB) Calcd. for C29H40NO10S: 




Colorless oil; IR (CHCl3): 3314, 1719, 1656, 1595, 1460 cm-1; 1H-NMR (400 MHz, CDCl3)  6.65 (4H, d, J = 2.0 
Hz), 6.63 (2H, d, J = 2.0 Hz), 5.98 (2H, brs), 5.15 (8H, s), 4.22 (2H, t, J = 7.1 Hz), 3.48 (12H, s), 3.40-3.21 (4H, m), 
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2.94-2.85 (4H, m), 2.57-2.43 (4H, m), 1.96 (6H, s); 13C-NMR (100 MHz, CDCl3)  204.3, (170.2, 170.1), (158.5, 
158.4), (144.0, 144.0), (109.0, 108.9), (104.0,103.9) (94.5, 94.4), (56.2, 56.1), (49.8, 49.8), (43.8, 43.7), (38.2, 38.1), 
(31.5, 31.4), (23.1, 23.1); LR-MS (FAB) m/z 713 ([M+H]+), 45 (100%) ; HR-MS (FAB) Calcd. for C33H49N2O11S2: 






White solid; IR (solid): 3419, 1652, 1558, 1456 cm-1; 1H-NMR (400 MHz, D2O)  6.66-6.54 (6H, m), 5.21-5.18 (8H, 
m), 4.40-4.36 (2H, m), 4.24-4.13 (4H, m), 3.93-3.84 (4H, m), 3.79-3.73 (2H, m), 3.47 (12H, s), 3.20-2.61 (6H, m), 
2.49-2.38 (4H, m), 2.20-2.06 (4H, m), 1.27 (1.16H, t, J = 7.0 Hz, from Et3N); 13C-NMR (100 MHz, pH 8.0 PBS 
buffer D2O)  (211.2, 211.1) (179.1, 178.94, 178.92, 178.89), (177.8, 177.5, 177.3), (176.9, 176.8, 176.7), (174.5, 
174.5, 174.3), (160.4, 160.3), (146.7, 146.3), (112.7, 112.50, 112.44), (107.5, 107.3, 102.8), (97.3, 97.2), (58.8, 58.5), 
57.2, 57.0), (55.7, 55.6), 49.5, 46.2 (from Et3N), (34.3, 34.2), 29.1, 29.0, 28.3, 11.1 (from Et3N) ; LR-MS (FAB) m/z 




Pale yellow oil; IR (neat): 2956, 2826, 1659, 1593, 1453 cm-1; 1H-NMR (400 MHz, CDCl3)  7.42 (1H, d, J = 16.0 
Hz), 6.87 (2H, d, J = 2.0 Hz), 6.77 (1H, t, J = 2.0 Hz), 6.74 (2H, d, J = 2.4 Hz), 6.64 (1H, d, J = 16.4 Hz), 6.62 (1H, 
t, J = 2.0 Hz), 5.16-5.12 (8H, m), 4.40 (1H, t, J = 7.2 Hz), 3.48 (6H, s), 3.47 (6H, s), 3.16 (2H, d, J = 6.8 Hz), 2.41 
(2H, m), 1.19 (3H, t, J = 7.6 Hz); 13C-NMR (100 MHz, CDCl3) 196.8, 158.6, 158.3, 144.7, 142.8, 136.5, 126.8, 
109.5, 109.3, 107.2, 103.5, 94.6, 94.5, 56.1, 56.0, 47.2, 44.3, 25.6, 14.3; LR-MS (EI) m/z 536 [M]+, 62 (100%); HR-




Pale yellow oil (diastereo mixture); IR (neat) : 2958, 1720, 1596, 1453 cm-1; 1H-NMR (400 MHz, CDCl3)  6.65 
(2H, d, J = 2.4Hz), 6.63 (2H, d, J = 2.8 Hz), 6.61 (1H, t, J = 2.2Hz), 6.58 (1H, t, J = 2.2 Hz), 5.16-5.09 (8H, m), 4.27-
4.22 (2H, m), 3.47 (6H, s), 3.45 (6H, s), 2.97-2.90 (2H, m), 2.88-2.79 (2H, m), 2.39-2.28 (4H, m), 1.15 (3H, t, J = 
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7.6 Hz), 1.13 (3H, t, 7.6 Hz); 13C-NMR (100 MHz, CDCl3) (204.1, 204.0), (158.2, 158.1), (144.3, 144.2), (109.0, 
108.9), (103.3, 103.2), 94.4, (55.90, 55.89), 49.8, (43.50, 43.48), (25.32, 25.27), (14.14, 14.12); LR-MS (EI) m/z 598 




Pale yellow oil; IR (neat) : 2956, 1664, 1594, 1454 cm-1; 1H-NMR (400 MHz, CDCl3)  7.42 (1H, d, J = 15.8 Hz), 
6.86 (2H, d, J = 2.1 Hz), 6.78 (1H, t, J = 2.1 Hz), 6.74 (2H, d, J = 2.6 Hz), 6.64 (1H, d, J = 15.8 Hz), 6.61 (1H, t, J = 
2.6 Hz), 5.16-5.11 (8H, m), 4.37 (1H, t, J = 7.2 Hz), 3.48 (6H, s), 3.46 (6H, s), 3.16 (2H, d, J = 7.2 Hz), 2.45-2.30 
(2H, m), 1.54-1.45 (2H, m), 1.37-1.27 (2H, m), 0.85 (3H, t, J = 7.2 Hz); 13C-NMR (100 MHz, CDCl3) 196.8, 158.6, 
158.3, 144.8, 142.8, 136.5, 126.9, 109.5, 109.3, 107.2, 103.5, 94.55, 94.49, 56.09, 56.06, 47.3, 44.6, 31.3, 21.9, 13.6; 




Pale yellow oil (diastereo mixture); IR (neat): 2956, 1720, 1596, 1462 cm-1; 1H-NMR (400 MHz, CDCl3)  6.65 (2H, 
d, J = 2.4 Hz), 6.63 (2H, d, J = 2.4 Hz), 6.61 (1H, t, J = 2.2 Hz), 6.58 (1H, t, J = 2.2 Hz), 5.16-5.09 (8H, m), 4.24-
4.18 (2H, m), 3.47 (6H, s), 3.45 (6H, s), 2.96-2.90 (2H, m), 2.87-2.79 (2H, m), 2.36-2.25 (4H, m), 1.45 (4H, m), 1.30 
(4H, m), 0.84 (3H, t, J = 7.2 Hz), 0.83 (3H, t, J = 7.6 Hz); 13C-NMR (100 MHz, CDCl3) (204.1, 204.0), (158.21, 
158.18), (144.46, 144.41), (109.1, 109.0), 103.4, (94.43, 94.42), (56.0, 55.9), (49.90, 49.88), 43.9, (31.13, 31.11, 
31.10, 31.0, two carbon), (21.82, 21.79) 13.5; LR-MS (EI) m/z 654 [M]+, 56 (100%); HR-MS (EI) Calcd. for 




pale yellow oil; IR (neat) : 2928, 1664, 1593, 1454 cm-1; 1H-NMR (400 MHz, CDCl3)  7.42 (1H, d, J = 16.4 Hz), 
6.86 (2H, d, J = 2.4 Hz), 6.76 (1H, t, J = 2.4 Hz), 6.74 (2H, d, J = 2.0 Hz), 6.64 (1H, d, J = 16.4 Hz), 6.61 (1H, t, J = 
2.4 Hz), 5.16-5.12 (8H, m), 4.37 (1H, t, J = 7.4 Hz), 3.48 (6H, s), 3.46 (6H, s), 3.16 (2H, d, J = 7.4 Hz), 2.43-2.30 
(2H, m), 1.55-1.46 (2H, m), 1.32-1.20 (6H, m), 0.85 (3H, t, J = 6.8 Hz); 13C-NMR (100 MHz, CDCl3) 196.8, 158.6, 
158.3, 144.8, 142.8, 136.5, 126.8, 109.5, 109.3, 107.2, 103.5, 94.5, 56.0, 47.3, 44.6, 31.6, 31.3, 29.1, 28.5, 22.5, 13.9; 
LR-MS (EI) m/z 592 [M]+, 56 (100%); HR-MS (EI) Calcd. for C31H44O9S: 592.2706, found: 592.2690. 




Pale yellow oil (diastereo mixture); IR (neat): 2927, 1719, 1596, 1457 cm-1; 1H-NMR (400 MHz, CDCl3) 6.65 (2H, 
d, J = 2.0 Hz), 6.63 (2H, d, J = 2.0 Hz), 6.61 (1H, t, J = 2.2 Hz), 6.58 (1H, t, J = 2.2 Hz), 5.16-5.09 (8H, m), 4.24-
4.18 (2H, m), 3.47 (6H, s), 3.45 (6H, s), 2.96-2.90 (2H, m), 2.86-2.79 (2H, m), 2.36-2.24 (4H, m), 1.46 (4H, m), 
1.31-1.18 (12H, m), 0.86 (3H, t, J = 7.2 Hz), 0.85 (3H, t, J = 7.2 Hz); 13C-NMR (100 MHz, CDCl3)204.1, (158.22, 
158.19), (144.5, 144.4), (109.1, 109.0), (103.41, 103.37), (94.43, 94.42), (56.0, 55.9), (49.91, 49.87), (43.88, 43.87), 
(31.44, 31.38, 31.2, two carbon), (29.03, 29.02), (28.41, 28.39), 22.4, 13.9; LR-MS (EI) m/z 710 [M]+, 56 (100%); 





Colorless oil; IR (CHCl3): 1692, 1666, 1592, 1454 cm-1; 1H-NMR (400 MHz, CDCl3) 7.42 (1H, d, J = 16.2 Hz), 
6.86 (2H, d, J = 2.3 Hz), 6.76 (1H, t, J = 2.3 Hz), 6.73 (2H, d, J = 2.4 Hz), 6.64 (1H, d, J = 16.2 Hz), 6.61 (1H, t, J = 
2.4 Hz), 5.15-5.11 (8H, m), 4.36 (1H, t, J = 7.2 Hz), 3.48 (6H, s), 3.46 (6H, s), 3.16 (2H, d, J = 7.2 Hz), 2.41-2.29 
(2H, m), 1.54-1.47 (2H, m), 1.32-1.22 (18H, m), 0.87 (3H, t, J = 7.0 Hz); 13C-NMR (100 MHz, CDCl3) 196.8, 
158.6, 158.3, 144.8, 142.8, 136.5, 126.9, 109.5, 109.3, 107.2, 103.5, 94.6, 94.5, 56.11, 56.08, 47.2, 44.6, 31.9, 31.6, 
(29.63, 29.61, 29.58, 29.50, 29.3, 29.2, 28.9, eight carbon), 22.7, 14.1; LR-MS (EI) m/z 676 (M+), 474 (100%); HR-





Colorless oil (diastereo mixture); IR (CHCl3): 1720, 1595, 1462 cm-1; 1H-NMR (400 MHz, CDCl3) 6.64 (2H, d, J 
= 2.1 Hz), 6.62 (2H, d, J = 2.1 Hz), 6.60 (1H, t, J = 2.1 Hz), 6.58 (1H, t, J = 2.1 Hz), 5.12 (8H, m), 4.23-4.18 (2H, 
m), 3.48 (6H, s), 3.47 (6H, s), 2.96-2.90 (2H, m), 2.85-2.78 (2H, m), 2.38-2.21 (4H, m), 1.50-1.42 (4H, m), 1.32-
1.27 (36H, m), 0.87 (6H, t, J = 6.76 Hz); 13C-NMR (100 MHz, CDCl3) 204.1, (158.2, 158.2), (144.5, 144.4), (109.1, 
109.0), (103.4, 103.4), (94.5, 94.5), (56.0, 56.0), (49.9, 49.9), (43.9, 43.9), (31.8, 31.5, 31.4), 29.6, 29.6, 29.5, 29.4, 
29.3, 29.1, 29.1, 28.8, 28.8, 22.6, 14.0; LR-MS (ESI) m/z 901 ([M+Na]+), (100%), 917 ([M+K]+); HR-MS (ESI) 
Calcd. for C49H82O9S2Na: 901.5292, found: 901.5260. 




Pale yellow oil; IR (neat): 2927, 1663, 1593, 1453 cm-1; 1H-NMR (400 MHz, CDCl3)  7.42 (1H, d, J = 16.0 Hz), 
6.86 (2H, d, J = 2.0 Hz), 6.77 (1H, t, J = 2.2 Hz), 6.74 (2H, d, J = 2.0 Hz), 6.64 (1H, d, J = 16.0 Hz), 6.62 (1H, t, J = 
2.2 Hz), 5.17-5.11 (8H, m), 4.44 (1H, t, J = 7.2 Hz), 3.48 (6H, s), 3.46 (6H, s), 3.45 (2H, t, J = 5.2 Hz), 3.30 (3H, s), 
3.17 (2H, d, J = 6.8 Hz), 2.58 (2H, q, J = 6.8 Hz); 13C-NMR (100 MHz, CDCl3) 196.8, 158.6, 158.4, 144.8, 142.9, 
136.4, 126.8, 109.5, 109.3, 107.2, 103.6, 94.54, 94.48, 71.6, 58.6, 56.09, 56.08, 47.2, 44.8, 30.9; LR-MS (EI) m/z 




Pale yellow oil (diastereo mixture); IR (neat): 2926, 1718, 1596, 1458 cm-1; 1H-NMR (400 MHz, CDCl3)  6.65-
6.58 (6H, m), 5.16-5.09 (8H, m), 4.30-4.25 (2H, m), 3.47 (6H, s), 3.45 (6H, s), 3.44-3.36 (4H, m), 3.29 (3H, s), 3.28 
(3H, s), 2.96-2.91 (2H, m), 2.87-2.80 (2H, m), 2.57-2.47 (4H, m); 13C-NMR (100 MHz, CDCl3)203.8, 158.4, 144.2, 
(109.22, 109.17), 103.6, 94.5, 71.7, 58.6, 56.1, 49.9, 44.1, 30.8; LR-MS (FAB) m/z 658 [M]+, 45 (100%); HR-MS 




Colorless oil; IR (CHCl3): 2933, 1663, 1593, 1452 cm-1; 1H-NMR (600 MHz, CDCl3)  7.42 (1H, d, J = 16.4 Hz), 
6.87 (2H, d, J = 2.1 Hz), 6.77 (1H, t, J = 2.1 Hz), 6.74 (1H, d, J = 2.6 Hz), 6.64 (1H, d, J = 16.4 Hz), 6.61 (2H, t, J = 
2.6 Hz), 5.17-5.12 (8H, m), 4.37 (1H, t, J = 7.3 Hz), 3.48 (6H, s), 3.47 (6H, s), 3.31 (2H, t, J = 5.8 Hz), 3.29 (3H, s), 
3.16 (2H, d, J = 7.3 Hz), 2.46-2.41 (1H, m), 2.38-2.34 (1H, m), 1.63-1.56 (4H, m); 13C-NMR (150 MHz, 
CDCl3)196.8, 158.6, 158.3, 144.7, 142.9, 136.5, 126.8, 109.5, 109.3, 107.2, 103.5, 94.6, 94.5, 72.2, 58.5, 56.11, 
56.09, 47.2, 44.5, 31.4, 28.7, 25.8; LR-MS (FAB) m/z 594 [M]+, 45 (100%); HR-MS (FAB) Calcd. for C30H42O10S: 




Colorless oil (diastereo mixture); IR (CHCl3): 2931, 1719, 1595, 1456 cm-1; 1H-NMR (400 MHz, CDCl3)  6.65 (2H, 
d, J = 2.1 Hz), 6.63 (2H, d, J = 2.1 Hz), 6.61 (1H, t, J = 2.1 Hz), 6.58 (1H, t, J = 2.1 Hz), 5.16-5.09 (8H, m), 4.23-
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4.18 (2H, m), 3.47 (6H, s), 3.46 (6H, s), 3.29-3.31 (4H, m), 3.29 (3H, s), 3.28 (3H, s), 2.96-2.90 (2H, m), 2.85-2.78 
(2H, m), 2.49-2.25 (4H, m), 1.60-1.48 (8H, m); 13C-NMR (100 MHz, CDCl3)(204.1, 204.0), (158.3, 158.3), (144.4, 
144.4), (109.11, 109.05), (103.50, 103.46), (94.50, 94.48), (72.10, 72.08), 58.4, (56.1, 56.0), (49.93, 48.89), 43.9, 
(31.24, 31.18), (28.62, 28.59), (25.72, 25.71); LR-MS (FAB) m/z 714 [M]+, 45 (100%); HR-MS (FAB) Calcd. for 




Colorless oil; IR (CHCl3): 2932, 1664, 1593, 1453 cm-1; 1H-NMR (400 MHz, CDCl3)  7.42 (1H, d, J = 16.2 Hz), 
6.86 (2H, d, J = 2.2 Hz), 6.77 (1H, t, J = 2.2 Hz), 6.73 (2H, d, J = 2.2 Hz), 6.64 (1H, d, J = 16.2 Hz), 6.62-6.60 (1H, 
m), 5.16-5.12 (8H, m), 4.35 (1H, t, J = 7.1 Hz), 3.48 (6H, s), 3.46 (6H, s), 3.35-3.27 (5H, m), 3.15 (2H, d, J = 7.1 
Hz), 2.45-2.31 (2H, m), 1.46-1.57 (4H, m), 1.37-1.24 (4H, m); 13C-NMR (100 MHz, CDCl3)196.7, 158.5, 158.3, 
144.7, 142.8, 136.4, 126.8, 109.5, 109.2, 107.1, 103.4, 94.5, 94.4, 72.6, 58.4, 56.00, 55.98, 47.2, 44.6, 31.5, 29.4, 





Colorless oil (diastereo mixture); IR (CHCl3): 2931, 1719, 1595, 1456 cm-1; 1H-NMR (400 MHz, CDCl3)  6.64 (2H, 
d, J = 2.2 Hz), 6.62 (2H, d, J = 2.2 Hz), 6.60 (1H, t, J = 2.2 Hz), 6.58 (1H, t, J = 2.2 Hz), 5.16-5.09 (8H, m), 4.23-
4.17 (2H, m), 3.47 (6H, s), 3.45 (6H, s), 3.35-3.32 (4H, m), 3.311 (3H, s), 3.306 (3H, s), 2.95-2.89 (2H, m), 2.85-
2.78 (2H, m), 2.39-2.22 (4H, m), 1.54-1.43 (8H, m), 1.32-1.25 (8H,m); 13C-NMR (100 MHz, CDCl3)(204.2,  
204.1), (158.30, 158.26), (144.51, 144.46), (109.11, 109.05), (103.5, 103.4), 94.5, 72.7, 58.5, (56.10, 56.07), (49.98, 
48.95), (43.94, 43.92), (31.5, 31.4), 29.5, 29.1, (28.7, 28.6), 25.7; LR-MS (FAB) m/z 783 [M+Na]+, 45 (100%); HR-





Colorless oil; IR (CHCl3): 2928, 1664, 1593, 1453 cm-1; 1 H-NMR (400 MHz, CDCl3)  7.42 (1H, d, J = 16.2 Hz), 
6.86 (2H, d, J = 2.1 Hz), 6.77 (1H, t, J = 2.1 Hz), 6.73 (2H, d, J = 2.1 Hz), 6.64 (1H, d, J = 16.2 Hz), 6.61 (1H, t, J = 
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2.1 Hz), 5.16-5.11 (8H, m), 4.36 (1H, t, J = 7.2 Hz), 3.48 (6H, s), 3.46 (6H, s), 3.35 (2H, t, J = 6.5 Hz), 3.32 (3H, s), 
3.16 (2H, d, J = 7.2 Hz), 2.44-2.30 (2H, m), 1.60-1.48 (6H, m), 1.33-1.23 (8H, m); 13C-NMR (100 MHz, 
CDCl3)196.8, 158.5, 158.3, 144.7, 142.8, 136.4, 126.8, 109.5, 109.2, 107.1, 103.4, 94.5, 94.4, 72.9, 58.5, 56.1, 
56.0, 47.2, 44.6, 31.6, 29.6, 29.37, 29.35, 29.14, 29.06, 28.8, 26.0; LR-MS (FAB) m/z 664 [M]+, 251 (100%); HR-





Colorless oil (diastereo mixture); IR (CHCl3): 2927, 2854, 1720, 1596, 1460 cm-1; 1H-NMR (600 MHz, CDCl3)  
6.64 (2H, d, J = 2.1 Hz), 6.62 (2H, d, J = 2.1 Hz), 6.60 (1H, t, J = 2.1 Hz), 6.58 (1H, t, J = 2.1 Hz), 5.16-5.10 (8H, 
m), 4.22-4.18 (2H, m), 3.47 (6H, s), 3.46 (6H, s), 3.354 (2H, t, J = 6.5 Hz), 3.351 (2H, t, J = 6.8 Hz), 3.33 (3H, s), 
3.32 (3H, s), 2.94-2.90 (2H, m), 2.85-2.78 (2H, m), 2.37-2.23 (4H, m), 1.57-1.50 (4H, m), 1.49-1.40 (4H, m), 1.30-
1.23 (20H, m); 13C-NMR (150 MHz, CDCl3)(204.24, 204.18), (158.32, 158.28), (144.6, 144.5), (109.14, 109.09), 
(103.50, 103.46), 94.6, 72.9, 58.5, (56.12, 56.10), (50.10, 49.97), (44.0, 43.9), (31.6, 31.5), (29.6, 29.4, 29.18, 29.16, 
29.13, 28.88, 28.86, 26.1, seven carbon); LR-MS (FAB) m/z 823 [M-OMe]+, 251 (100%); HR-MS (FAB) Calcd. for 
C44H71O10S2: 823.4489, found: 823.4495. 
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Experimental Procedure for 1H-NMR studies (Section 1, Chapter 2) 
 
1H-NMR study to monitor Michael reaction between GO-Y030 and cysteamine (Figure 1-05) 
 GO-Y030 (5.27 mg, 0.011 mmol) was dissolved with DMSO-d6 (0.55 ml) and cysteamine (5.84 mg, 0.075 mmol) 
was dissolved with DMSO-d6 (0.95 ml) in screw vial prior to use. The resulting cysteamine solution (0.55 ml of 0.08 
M solution in DMSO-d6, 0.044 mmol) was added to GO-Y030 solution (0.55 ml of 0.02 M in DMSO-d6, 0.11 mmol). 
After 5 min, a proton NMR spectrum of the resulting solution was measured. Then, the solution was got back to 
screw vial and it stand under air. After 1 h the addition of cysteamine, a proton NMR spectrum of the resulting 
solution was measured. Then, the solution was got back to screw vial and it stand under air. After 6 h the addition of 
cysteamine, a proton NMR spectrum of the resulting solution was measured.  
 
1H-NMR study to monitor Michael reaction between GO-Y075 and cysteamine (Figure 1-06) 
GO-Y075 (4.56 mg, 0.0727 mmol) was dissolved with DMSO-d6 (0.36 ml) and cysteamine (5.68 mg, 0.073 mmol) 
was dissolved with DMSO-d6 (0.92 ml) in screw vial prior to use. The resulting cysteamine solution (0.36 ml of 0.08 
M solution in DMSO-d6, 0.029 mmol) was added to GO-Y030 solution (0.36 ml of 0.02 M in DMSO-d6, 0.0727 
mmol). After 5 min, a proton NMR spectrum of the resulting solution was measured. Then, the solution was got back 
to screw vial and it stand under air. After 1 h the addition of cysteamine, a proton NMR spectrum of the resulting 
solution was measured. Then, the solution was got back to screw vial and it stand under air. After 6 h the addition of 
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Experimental Procedure for Biological Analysis (Section 1, Chapter 1, 3, 4) 
 
Cell culture 
Cells of the colorectal carcinoma line HCT116 were cultured in RPMI1640 supplemented with 10% fetal bovine 
serum (FBS). 
 
Cell growth suppression analysis 
HCT116 was obtained from the Cell Resource Center for Biomedical Research (Institute of Development, Aging and 
Cancer, Tohoku University, Sendai, Japan). The growth-suppressive effects of the compounds were measured for 48 
h. Cell viability was assayed by quantitation of the uptake and digestion of 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H- tetrazolium monosodium salt (WST-8) according to the manufacturer’s 
instructions (Dojindo Laboratories, Kumamoto, Japan) by using a 96-well plate reader, SpectraMax M2e (Molecular 
Devices). The percentage cell growth of the control, which was treated with 0.5% DMSO alone, was calculated and 
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Experimental Procedure for Analysis to Monitor retro-Michael reaction 
(Section 1, Chapter 5) 
The assay was performed in 96 well plates and alumifoils were used to cover the plate during the measurements. All 
measurements were done in a Multiscan Spectrum Photometer (Thermo, Finnland) at 25 °C. Before the assay, 10 
mM stock solutions of GO-Y030 and GO-Y030 thiol bis adducts in DMSO were diluted with DMSO to give a 
concentration of 83 M. The resultant 83 M compounds DMSO solution (100 l) were added to each well in 96 
well plate. Setted well were diluted with (a) 100 mM Glycine-HCl buffer (100 l), (b) PBS buffer (100 l), (c) 100 
mM Tris-HCl buffer (100 l). 
Then, the kinetic measurement is started immediately. The wells were covered with foil and measurements were done 
in duplicates. 
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A mixture of (1S,2S)-(–)-1,2-cyclohexanediamine D-tartrate (25.0 g, 94.5 mmol), K2CO3 (26.1 g, 189 mmol), and 
de-ionized water (125 mL) was stirred until dissolution was achieved, and then ethanol (400 mL) was added. The 
resulting cloudy mixture was heated to reflux, and a solution of p-anisaldehyde (26.1 g, 189 mmol) in ethanol (40 
mL) was added in a steady stream over 40 min. The yellow slurry was stirred at reflux for 5 h before heating was 
discontinued. The reaction mixture was cooled to room temperature, and the water phase was separated and discarded. 
The organic phase was concentrated and dissolved in CH2Cl2. It was then removed any trace of water, dried over 
MgSO4 and filtered. The filtrate was removed solvent to provide crude diamine S2-2 as light yellow solid, which was 
used in the following step without further purification.  
To a stirred solution of diimine S2-2 (47.3 mmol) in MeCN (280 mL) and THF (570 mL), at room temperature, was 
added an aqueous solution (470 mL) of KHCO3 (79.4 g, 793 mmol) followed by an aqueous solution (470 mL) of 
Oxone (69.7 g, 113 mmol). After stirring for 3 h, the reaction mixture was diluted with CH2Cl2 (800 mL). The 
biphasic mixture was separated and the aqueous portion was extracted with CH2Cl2 (2 x 400 mL) and the combined 
organic extracts was dried over MgSO4 and filtered. The filtrate was concentrated under reduced pressure to provide 
crude dioxaziridine S2-3 (17.0 g, 44.5 mmol, 94% yield) as light yellow solid, which was used in the following step 
without further purification.  
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To a mixture of the unpurified product S2-3 (23.3 g) obtained from the previous oxidation reaction and 
benzyloxyhydroxyl amine hydrochloride (18.9 g, 120 mmol) was treated with anhydrous MeOH (600 mL), and then 
1 M HCl in MeOH (205ml), which is prepared from AcCl (18.1 ml, 255 mmol) and anhydrous MeOH (237 ml), was 
added immediately. The resulting mixture was stirred for 20 minutes. The reaction mixture was then concentrated 
under reduced pressure to dryness. Et2O (400 mL) and de-ionized water (200 mL) was added. The bi-layer was 
separated and the organic part was extracted with de-ionized water (2 x 150 ml). Combined aqueous portion was 
washed with Et2O (2 x 200 mL). The aqueous portion was concentrated to 70-100 mL and the resulting was freeze 
dried under reduced pressure to provide bis-hydroxylamine dihydrochloride S2-4 (15.2 g) as brown solid, which 
contained 25% of BnONH2.HCl. This material was utilized in the next step without any purification. 
To a stirred suspension of bis-hydroxylamine dihydrochloride S2-4 (8.65 g, ca. 33.4 mmol) in CH2Cl2 (40 mL) under 
nitrogen at room temperature was added Et3N (dist. 13.0 mL, 25.6 mmol). After 1 h, to the resulting cloudy white 
suspension, DMAP (220 mg, 1.80 mmol), imidazole (2.50 g, 36.7 mmol) followed by iPr2SiCl2 (6.14 mL, 34.0 mmol) 
were added and stirring was continued 3.25 h, and then poured into an aqueous solution of NaHCO3 (6.0 g, 71.4 
mmol) and extracted with EtOAc. The combined organic extracts was dried over MgSO4, filtered and concentrated 
under reduced pressure. The residue was filtered through a small plug of silica gel by washing with the mixture of 
EtOAc/hexanes (5:95) to provide S2-5 (7.40 g), which contained diethylsilyl ether as about 7:1 mixture and was used 
in the following step without further purification. 
To a stirred solution of S2-5 (22.8 mmol) and DIEA (dist. 11.9 mL, 68.4 mmol) in CH2Cl2 (228 mL) was added 
diphenylacetyl chloride (obtained from ALDRICH, 15.8 g, 68.4 mmol, dissolved in 22.8 mL CH2Cl2) under nitrogen. 
After 3 days, the reaction mixture was treated with 3N HCl. After stirring for 30 min the reaction mixture was 
extracted with CH2Cl2, washed with brine, dried over MgSO4 and filtered. The filtrate was concentrated under 
reduced pressure and the residue was purified by silica gel column chromatography (Silica gel 60N, Kanto Chemical 
Co., Inc., spherical, neutral, 63-210 μm) to provide (S,S)-BHA ligand (6.46 g, 12.1 mmol, 53%). 
Literature40a: (R,R)-BHA ligand []D28.4 +93.5° (c 1.00, CHCl3) 
(S,S)-BHA ligand: []D22 –90.8° (c 0.518, CHCl3); IR (CDCl3): 3163, 2940, 1622, 1496, 1452, 1412, 1238, 1165, 
754, 700 cm-1; 1H-NMR (400 MHz, CDCl3) 9.24 (2H, s), 7.32-6.93 (20H, m), 5.50-5.42 (2H, m), 4.67-4.58 (2H, 
m), 1.80-1.65 (6H, m), 1.29-1.18 (2H, m); 13C-NMR (100 MHz, CDCl3) 174.9, 139.3, 138.8, 129.2, 128.8, 128.6, 
128.3, 127.0, 126.7, 56.8, 52.8, 27.6, 24.5; LR-MS (ESI) m/z 557 ([M+Na]+); HR-MS (ESI) Calcd. for 








A mixture of 3-pentyn-1-ol (25.0 g, 297 mmol), quinoline (1.40 ml, 12.0 mmol) and Lindlar catalyst (450 mg) in 
Et2O (distilled prior to use, 300 mL) was stirred under hydrogen atmosphere at room temperature for 5 days. The 
reaction mixture was sparged with nitrogen, filtered through Celite, and concentrated in vacuo at 0 °C. The resulting 
residue was distilled under atmospheric pressure at 138-140°C to give cis-3-pentenol 46 (23.0 g, 267 mmol, 90%) as 
a colorless oil.  
46: IR (CDCl3): 3354, 3017, 2926 cm-1; 1H-NMR (400 MHz, CDCl3) 5.69-5.60 (1H, m), 5.44-5.36 (1H, m), 3.66 
(2H, dt, J = 6.3, 5.8 Hz), 2.34 (2H, dtd, J = 7.2, 5.8, 1.0 Hz), 1.65 (3H, dd, J = 6.3, 1.0 Hz), 1.52-1.49 (1H, m); 13C-
NMR (100 MHz, CDCl3)  127.3, 126.0, 62.2, 30.4, 12.9; LR-MS (EI) m/z 86 (M+), 68 (100%); HR-MS (EI) Calcd. 




Zr(Ot-BuO)4 (0.486 mmol, 1.25 mmol) was added to a mixture of (S,S)-BHA ligand (668 mg, 1.25 mmol), DMPU 
(distilled from CaH2, 0.300 ml, 2.50 mmol), and 4A molecular sieves powder (freshly activated, 5 g) in dry toluene 
(25 ml) in a glovebox. The catalyst mixture was stirred for 1 h at room temperature. The resulting solution was cooled 
to −5 °C, and cis-3-pentenol 46 (distilled and added 4A molecular sieves prior to use, 2.95 ml, 25.0 mmol) and 
cumene hydroperoxide (5.87 N, 6.38 ml, 37.5 mmol, slowly dropwised) were added sequentially. The mixture was 
stirred at −5 °C for 4 h, then warmed to room temperature, and stirred for 36 h. Methanol (1.5 ml) was then added, 
and the reaction mixture was stirred for 10 min at room temperature, filtered through Celite, and concentrated in 
vacuo at 0 °C. The resulting solution was purified by short packed silica gel column chromatography (2:1 
Pentane:Et2O to Et2O) to provide the crude of the epoxy alcohol 45, which was distilled under reduced pressure 
(120 °C / 2.3 kPa [lit.b) 101 °C / 25 mmHg]) to give the epoxy alcohol (2.24 g, 21.9 mmol, 88%, 84% ee) as a colorless 
oil. The enantiomeric excess of 45 was determined by chiral HPLC analysis of epoxide derivative S2-6.  
45: []D29 +20° (c 0.81, CHCl3); IR (CDCl3): 3420 cm-1; 1H-NMR (400 MHz, CDCl3) 3.93-3.79 (2H, m), 3.12-
3.07 (2H, m), 1.91-1.83 (1H, m), 1.77-1.68 (2H, m), 1.30 (3H, d, J = 5.3 Hz); 13C-NMR (100 MHz, CDCl3) 60.5, 
55.0, 52.3, 30.3, 13.3; LR-MS (ESI) m/z 125 ([M+Na]+); HR-MS (ESI) Calcd. for C5H10O2Na: 125.0573, found: 
125.0573. 
 
2-[(2R,3S)-3-Methyloxiran-2-yl]ethyl benzoate (S2-6) 
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BzCl (75.0 l, 0.650 mmol) was added to a mixture of epoxy alcohol 45 (25.5 mg, 0.249 mmol), pyridine (0.120 ml, 
1.49 mmol), and DMAP (6.00 mg, 0.0491 mmol) in CH2Cl2 at 0 °C. There resulting solution was warmed up to room 
temperature, stirred for 40 min, and quenched with saturated aqueous NaHCO3. The resultant was extracted with 
AcOEt and the extract was washed with brine, dried over MgSO4, and concentrated in vacuo. The crude mixture was 
purified by flash silica gel column chromatography (8:1 to 4:1 Hexanes:EtOAc) to provide the benzoate S2-6 (43.5 
mg, 0.211 mmol, 85%) as a colorless oil. 
S2-6: []D27 +9.92° (c 1.08, CHCl3); IR (CDCl3): 2966, 1722, 1601, 1452, 1274 cm-1; 1H-NMR (400 MHz, CDCl3) 
 8.06 (2H, d, J = 7.7 Hz), 7.57 (1H, t, J = 7.7 Hz), 7.45 (2H, t, J = 7.7 Hz), 4.55-4.45 (2H, m), 3.14-3.08 (2H, m), 
2.09-1.94 (2H, m), 1.32-1.30 (3H, m); 13C-NMR (100 MHz, CDCl3)  166.4, 132.9, 130.0, 129.5, 128.3, 62.2, 54.2, 
52.3, 27.3, 13.2; LR-MS (EI) m/z 206 (M+); HR-MS (EI) Calcd. for C12H14O3: 206.0943, found: 206.0916. 
The enantiomeric excess of S2-6 was determined by chiral HPLC analysis using CHIRALPACK-IC (3:7 i-






To a cooled (−78 °C) solution of TMS acetylene (11.8 ml, 83.8 mmol) in dry THF (540 mml) was added n-BuLi 
(1.56 M hexane solution, 69.8 ml, 109 mmol) dropwise over 30 min at −78 °C. After 30 min, to the reaction mixture 
was added BF3•THF (11.9 ml, 109 mmol) at −78 °C. After 15 min, to the resulting solution was added a solution of 
epoxide 45 (distilled prior to use, 3.89 g, 38.1 mmol) in THF (4 ml) via cannula slowly at −78 °C. After being stirred 
for 14 h at −78 °C, the resulting solution was quenched with saturated aqueous NH4Cl and warmed up to room 
temperature. The resultant was extracted with Et2O and the extract was washed with brine, dried over MgSO4, and 
concentrated in vacuo. The crude mixture was purified by column chromatography (2:1 Hexanes:Et2O to Et2O) to 
provide the diol 59 (5.08 g, 25.4 mmol, 67%) as a colorless oil.  
59: []D24 17.3° (c 0.602, CHCl3); IR (CDCl3): 3335, 2959, 2166 cm-1; 1H-NMR (400 MHz, CDCl3)3.86 (1H, dq, 
J = 5.9, 5.4 Hz), 3.79-3.72 (2H, m), 2.64 (1H, ddd, J = 8.7, 5.4, 3.7 Hz), 2.27 (2H, brs), 1.86-1.73 (2H, m), 1.28 (3H, 
d, J = 5.9 Hz), 0.16 (9H, s); 13C-NMR (100 MHz, CDCl3) 105.3, 89.7, 69.2, 60.6, 38.8, 34.4, 21.3, 0.1; LR-MS 
(FAB) m/z 201 ([M+H]+); HR-MS (FAB) Calcd. for C10H21O2Si: 201.1311, found: 201.1315. 
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6244: colorless solid: []D16 66.2° (c 1.23, CHCl3); IR (CDCl3): 3457, 2174 cm-1; 1H-NMR (400 MHz, CDCl3) 
3.89-3.82 (2H, m), 3.70-3.64 (1H, m), 2.59 (1H, qd, J = 7.1, 5.6 Hz), 2.38 (1H, brs), 1.81-1.74 (2H, m), 1.21 (3H, 
d, J = 7.1 Hz), 0.16 (9H, s); 13C-NMR (100 MHz, CDCl3) 107.2, 87.9, 74.2, 61.4, 36.1, 34.6, 16.9, 0.1; LR-MS 





To a solution of diol 59 (46.5 mg, 0.232 mmol) in dry DMF was added imidazole (18.4 mg, 0.268 mmol) and TBSCl 
(35.5 mg, 0.232 mmol) at 0 °C. The reaction mixture was stirred for 35 min and warmed up to room temperature. 
After 1 h, the resulting solution was quenched with H2O and extracted with Et2O and the extract was washed with 
brine, dried over MgSO4, and concentrated in vacuo. The crude mixture was purified by flash silica gel column 
chromatography (8:1 Hexane:EtOAc) to provide the silyl ether 63 (54.5 mg, 0.173 mmol, 75%) as a colorless solid.   
63: []D23 29.7° (c 0.214, CHCl3); IR (CDCl3): 3423, 2957, 2166 cm-1; 1H-NMR (400 MHz, CDCl3) 3.83 (1H, qd, 
J = 5.7, 4.9 Hz), 3.77-3.69 (1H, m), 2.62 (1H, ddd, J = 8.2, 4.9, 4.7 Hz), 2.37 (1H, d, J = 6.8 Hz), 1.83-1.65 (2H, m), 
1.27 (3H, d, J = 5.7 Hz), 0.90 (9H, s), 0.16 (9H, s), 0.07 (6H, s); 13C-NMR (100 MHz, CDCl3) 105.7, 88.9, 69.1, 
60.8, 38.6, 34.6, 25.9, 21.2, 18.3, 0.1, -5.38, -5.41; LR-MS (FAB) m/z 315 ([M+H]+), 73 (100%) ; HR-MS (FAB) 






To a solution of alcohol 63 (31.2 mg, 0.0991 mmol) in dry pyridine (0.33 ml) was added (–)-MTPACl (37.0 l, 0.198 
mmol) at 0 °C. The reaction mixture was warmed up to room temperature and stirred for 17.5 h. The resulting solution 
was deluted with Et2O, quenched with saturated aqueous NaHCO3, and extracted with Et2O. The extract was washed 
with brine, dried over MgSO4, and concentrated in vacuo. The crude mixture was purified by flash silica gel column 
chromatography (16:1 to 8:1 Hexane:EtOAc) to provide the MTPA ester 64a (29.8 mg, 0.0561 mmol, 54%) as a 
colorless oil.   
64a: []D23 93.6° (c 0.775, CHCl3); IR (CDCl3): 2956, 2173, 1748, 1472, 1251 cm-1; 1H-NMR (400 MHz, CDCl3) 
7.56 (2H, t, J = 3.6 Hz), 7.42-7.38 (3H, m), 5.23 (1H, qd, J = 6.3, 4.4 Hz), 3.79-3.74 (2H, m), 3.57 (3H, s), 2.86 
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(1H, ddd, J = 10.1, 4.5, 4.4 Hz), 1.76-1.69 (1H, m), 1.63-1.55 (1H, m), 1.35 (3H, d, J = 6.3 Hz), 0.89 (9H, s), 0.11 
(9H, s), 0.058 (3H, s), 0.054 (3H, s); 13C-NMR (100 MHz, CDCl3) 166.0, 132.2, 129.5, 128.3, 127.5, 123.3 (q, 1JCF 
= 288.9), 104.6, 88.1, 84.7 (q, 2JCF = 27.6 Hz), 74.5, 60.3, 55.5 (t, 4JCF = 1.6 Hz), 34.6, 33.6, 25.9, 18.3, 17.2, -0.1, -







To a solution of alcohol 63 (23 mg, 0.073 mmol) in dry pyridine (0.25 ml) was added (+)-MTPACl (70 l, 0.37 mmol) 
at 0 °C. After being stirred for 30 min at at 0 °C, the resulting solution was deluted with Et2O, quenched with saturated 
aqueous NaHCO3, and extracted with Et2O. The combined organic layers were washed with brine, dried over MgSO4, 
and concentrated in vacuo. The crude mixture was purified by flash silica gel column chromatography (10:1 
Hexane:EtOAc) to provide the MTPA ester 64b (33.6 mg, 0.0633 mmol, 87%) as a colorless oil.   
64b: []D26 2.21° (c 0.601, CHCl3); IR (CDCl3): 2956, 2173, 1749, 1471, 1252 cm-1; 1H-NMR (400 MHz, CDCl3) 
7.56 (2H, t, J = 3.2 Hz), 7.40-7.37 (3H, m), 5.17 (1H, dq, J = 8.0, 6.3 Hz), 3.72-3.68 (2H, m), 3.56 (3H, s), 2.83 
(1H, ddd, J = 11.0, 4.0, 4.0 Hz), 1.65-1.60 (1H, m), 1.57-1.51 (1H, m), 1.45 (3H, d, J = 6.3 Hz), 0.89 (9H, s), 0.11 
(9H, s), 0.058 (3H, s), 0.054 (3H, s); 13C-NMR (100 MHz, CDCl3) 166.0, 132.3, 129.5, 128.3, 127.5, 126.3, 123.3 
(q, 1JCF = 288.4), 104.6, 88.1, 84.4 (q, 2JCF = 28.9 Hz), 74.5, 60.3, 55.4, 34.5, 33.5, 25.9, 18.3, 17.4, -0.1, -5.4, -5.5; 





To a mixture of diol 59 and diol 63 (59:63 = 4.7:1, 81.4 mg, 0.335 mmol) in CH2Cl2 (1.6 ml) was added DMN-
AZADO (5.54 mg, 0.0333 mmol), PhI(OAc)2 (309 mg, 0.959 mmol) at 0 °C. The reaction mixture was stirred for 15 
min and warmed up to room temperature. After 19 h, the resulting solution was quenched with saturated aqueous 
Na2S2O3 and saturated aqueous NaHCO3 at 0 °C and stirred for 30 min. The resulting solution was extracted with 
Et2O and the extract was washed with brine, dried over MgSO4, and concentrated in vacuo. The crude mixture was 
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purified by flash silica gel column chromatography (4:1 to 2:1 pentane:Et2O) to provide the lactone 43 (68.7 mg, 
0.335 mmol, quant.) as a colorless oil.  
43: []D20 42.7° (c 0.510, CHCl3); IR (CDCl3): 2173, 1783, 1250, 1169 cm-1 ; 1H-NMR (400 MHz, CDCl3)  4.62 
(1H, dq, J = 6.5, 6.3 Hz), 3.37 (1H, ddd, J = 8.5, 6.5, 6.3 Hz), 2.77 (1H, dd, J = 17.4, 8.5 Hz), 2.63 (1H, dd, J = 17.4, 
6.3 Hz), 1.44 (3H, d, J = 6.3 Hz), 0.13 (9H, s); 13C-NMR (100 MHz, CDCl3) 174.8, 101.6, 90.3, 77.4, 35.7, 32.9, 
17.1, -0.3; LR-MS (FAB) m/z 197 ([M+H]+); HR-MS (FAB) Calcd. for C10H17O2Si: 197.0998, found: 197.0998 
 
(S)-tert-Butyl4-{hydroxyl{(4R,5S)-5-methyl-2-oxo-4-[(trimethylsilyl)-ethynyl]- 
tetrahydrofuran-3-yl}methyl}-2,2-dimethyloxazolidine-3-carboxylate (67a), (67b) 
 
To a cooled (−40 °C) solution of lactone 43 (75% ee, 36.7 mg, 0.187 mmol) in THF (0.6 ml) was added LHMDS (1.0 
M THF solution, 0.37 ml, 0.37 mmol) slowly. The resulting mixture was stirred at –40 °C for 30 min. Garner’s 
aldehyde 65 (61 ml, 0.28 mmol, distilled prior to use) was added quickly. Stirring was continued for 30 min at –40 °C 
and then the reaction mixture was quenched with a solution of AcOH:H2O 1:1 (21 ml, 0.28 mmol) at –40 °C. The 
resulting solution was warmed up to room temperature, stirred for 30 min, and extracted with AcOEt. The extracts 
was washed with brine, dried over MgSO4, and concentrated in vacuo. The crude mixture was purified by flash silica 
gel column chromatography (99:1 to 19:1 CHCl3:MeOH) to provide the crude (85 mg). The crude was repurified by 
flash column chromatography (6:1 to 5:1 to 1:1 hexanes:EtOAc) to provide major diastereomer 67a (27 mg, 0.063 
mmol, 34%) and minor diastereomer 67b (10.6 mg, 0.025 mmol, 13%).  
67a: White solid; IR (CDCl3): 3339, 2175, 1777, 1697, 1250 cm-1 ; 1H-NMR (400 MHz, CDCl3) 4.74 (1H, qd, J = 
6.4, 6.6 Hz), 4.50-4.31 (1H, m), 4.29-3.89 (4H, m), 3.71-3.43 (1H, m), 2.87-2.46 (1H, m), 1.65-1.43 (15H, m), 1.43 
(3H, d, J = 6.4 Hz), 0.14 (9H, s); LR-MS (FAB) m/z 426.25 ([M+H]+)  
67b: White solid; IR (CDCl3) : 3340, 2173, 1771, 1705, 1660, 1251 cm-1 ; 1H-NMR (400 MHz, CDCl3) 5.58 (1H, 
brs), 4.84 (1H, dq, J = 6.9, 6.5 Hz), 4.67 (1H, dd, J = 8.9, 5.5 Hz), 4.14-4.02 (1H, m), 3.98 (1H, d, J = 9.7 Hz), 3.87 
(1H, d, J = 9.7 Hz), 3.60 (1H, dd, J = 6.9, 6.6 Hz), 2.76 (1H, d, J = 6.6 Hz), 1.67-1.47 (15H, m), 1.43 (3H, d, J = 6.5 
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To a cooled (−40 °C) solution of lactone 43 (distilled prior to use, 609 mg, 3.10 mmol) in THF (10 ml) was added 
LHMDS (1.3 M THF solution, 4.75 ml, 6.20 mmol). After 45 min, mixed anhydride 68 (3.7 mmol, 0.7 ml THF 
solution) was added to the reaction mixture at −40 °C. After being stirred for 15 min at −40 °C, the resulting solution 
was quenched by saturated aqueous NH4Cl and warmed up to room temperature. The resulting solution was extracted 
with AcOEt and the extracts was washed with brine, dried over MgSO4, and concentrated in vacuo. The crude mixture 
was purified by flash silica gel column chromatography (10:1 to 6:1 Hexanes:EtOAc) to provide ketone 66 (713 mg, 
1.68 mmol, 54%) as a white solid. 
66: []D20 118° (c 0.560, CHCl3); IR (CDCl3): 2177, 1772, 1731, 1708, 1252 cm-1; 1H-NMR (400 MHz, CDCl3)  
(rotamer) 4.92 (0.6H, dd, J = 7.5, 2.2 Hz), 4.82-4.71 (1.4H, m), 4.27-4.11 (2H, m), 3.95 (1H, d, J = 3.1 Hz), 3.84 
(0.6H, dd, J = 6.8, 3.9 Hz), 3.73 (0.4H, dd, J = 6.3, 3.1 Hz), 1.70 (1.8H, s), 1.68 (1.2H, s), 1.57-1.48 (9H, m), 1.37 
(6H, s), 0.16 (5.4H, s), 0.15H (3.6H, s); 13C-NMR (100 MHz, CDCl3)  (199.0, 196.8), (171.2, 169.8), (152.2, 151.2), 
(100.7, 100.1), (95.5, 94.7), (92.0, 91.3), (81.5, 81.0), (77.8, 77.6), (64.6, 64.3, 64.2, 64.1, two carbon), (58.1, 57.9), 
(36.8, 35.9), (28.3, 28.2), (26.1, 25.3), (25.1, 23.8), (17.5, 17.1), (-0.2, -0.3); LR-MS (ESI) m/z 446 ([M+Na]+); HR-
MS (ESI) Calcd. for C21H33NO6SiNa: 446.1969, found: 446.1947. 
69: IR (CDCl3): 2965, 2177, 1781, 1710, 1251 cm-1; 1H-NMR (400 MHz, CDCl3)  4.86 (1H, dq, J = 7.1, 6.5 Hz), 
4.23 (1H, d, J = 7.6 Hz), 3.74 (1H, dd, J = 7.6, 7.1 Hz), 1.47 (3H, d, J = 6.5 Hz), 1.24 (9H, s), 0.15H (9H, s);; LR-





After a solution of boc amide 66 (66.1 mg, 0.156 mmol) in 3 M HCl in AcOEt (1.5 ml) was stirred for 1 h., it was 
concentrated in vacuo. The residue was dissolved in pyridine (15.6 ml) and added DMAP (6.47 mg, 0.0530 mmol). 
After being stirred overnight at 50-60 °C, the resulting solution was concentrated in vacuo. The residue was purified 
by silica gel column chromatography (5:95 MeOH:CHCl3) to give lactam 70 (25.2 mg, 0.0890 mmol, 57%) as a 
colorless solid. 
70: IR (CDCl3): 3289, 2959, 2172, 1689 cm-1; 1H-NMR (400 MHz, CDCl3)  6.86 (1H, brs), 4.01-4.07 (1H, m), 3.95-
3.92 (0.5H, m), 3.86-3.68 (2.5H, m), 3.30-3.27 (1H, m), 3.19 (0.5H, s), 3.14 (0.5 H, s), 1.48-1.43 (3H, m), 0.17 (9H, 
s); 13C-NMR (100 MHz, CDCl3)  (173.8, 173.2), 108.9, (102.9, 102.6), (91.5, 91.4), (78.4, 77.8), (63.3, 62.5, 62.1, 
60.9, two carbon), (59.6, 58.1), (37.6, 37.2), (17.6, 17.5), 0; LR-MS (ESI) m/z 446 ([M+Na]+); HR-MS (ESI) Calcd. 
for C13H21NO4SiNa: 306.1132, found: 306.1126. 
 






To a solution of K2CO3 (85.8 mg, 0.621 mmol) and 3A molecular sieves powder (52 mg) in dry acetone (0.70 ml) 
was added lactone 66 (87.5 mmol, 0.207 mmol). After 30 min, to the resulting solution was added allyl bromide (21.0 
l, 0.248 mmol) at 0 °C. The resulting solution was warmed up to room temperature. After 10 h, additional allyl 
bromide (15.0 l, 0.178 mmol) was added to the reaction mixture. After 10.5 h, the resulting solution was filtered, 
and saturated aqueous NH4Cl and AcOEt were added to the mixture. The resulting solution was extracted with AcOEt 
and the extract was washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified by 
flash silica gel column chromatography (1:8 Hexane:EtOAc) to give allylated product 41 (131 mg, 0.207 mmol, 
quant.) as a colorless solid. 
41: []D23 169° (c 1.50, CHCl3); IR (CDCl3): 2973, 2175, 1753, 1726, 1687, 1250 cm-1; 1H-NMR (400 MHz, CDCl3) 
(rotamer) 5.81-5.68 (1H, m), 5.51 (0.5H, d, J = 7.7 Hz), 5.33 (0.5H, d, J = 7.7 Hz), 5.29-5.14 (2H, m), 4.64-4.56 
(1H, m), 4.12 (0.5H, d, J = 9.5 Hz), 4.09 (0.5H, d, J = 9.5 Hz), 3.97 (0.5H, dd, J = 9.5, 1.9 Hz), 3.88 (0.5H, dd, J = 
9.5, 2.4 Hz), 3.44 (0.5H, d, J = 5.3 Hz), 3.40 (0.5H, d, J = 5.3 Hz), 2.88 (0.5H, dd, J = 14.1, 6.3 Hz), 2.68 (0.5H, dd, 
J = 14.5, 5.8 Hz), 2.60-2.51 (1H, m), 1.68 (1.5H, s), 1.65 (1.5H, s), 1.60-1.40 (15H, m), 0.11 (4.5H, s), 0.10 (4.5H, 
s); 13C-NMR (100 MHz, CDCl3)  (198.8, 198.5), (174.3, 173.9), (151.7, 151.1), (130.8, 130.4), (121.2, 120.8), (99.3, 
98.6), (95.3, 94.4), (93.6, 93.1), 80.2, (73.9, 73.5), (64.9, 63.9), (63.7, 63.4), (62.75, 62.73), (40.7, 40.6), (38.3, 38.1), 
(28.3, 28.2), (25.9, 25.3, 25.2, 23.9, two carbon), (17.0, 16.9), (-0.50, -0.54); LR-MS (FAB) m/z 464 ([M+H]+), 350 





To a solution of boc amide 41 (15.4 mg, 0.0234 mmol) in dioxane (1.8 ml) was added c.HCl (0.6 ml) at room 
temperature. After 30 min, additional c.HCl (0.3 ml) was added to the reaction mixture. After 40 min, the resulting 
solution was concentrated in vacuo. The residue was dissolved in toluene-pyridine (1:2, 0.3 ml). After being stirred 
overnight, the resulting solution was concentrated in vacuo. The residue was purified by silica gel column 
chromatography (1:2 Hexane:EtOAc to EtOAc) to give lactam 40 (10.3 mg, 0.0234 mmol, quant.) as a colorless solid. 
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40: []D23 17.0° (c 1.15, CHCl3); IR (CHCl3): 3311, 2959, 2173, 1689, 1250 cm-1; 1H-NMR (400 MHz, CDCl3) 
6.53 (1H, brs), 6.02-5.92 (1H, m), 5.20 (1H, d, J = 17.4 Hz), 5.15 (1H, d, J = 10.1 Hz), 3.95 (1H, dq, J = 4.3, 6.2 
Hz), 3.84-3.75 (2H, m), 3.63-3.57 (1H, m), 3.19 (1H, d, J = 4.3 Hz), 3.04 (1H, s), 2.80 (1H, dd, J = 14.5, 8.2 Hz), 
2.71 (1H, dd, J = 8.0, 4.1 Hz), 2.45 (1H, dd, J = 14.5, 6.3 Hz), 1.38 (3H, d, J = 6.2 Hz), 0.19 (9H, s); 13C-NMR (100 
MHz, CDCl3)  175.7, 132.6, 118.7, 108.7, 100.6, 93.7, 75.8, 63.1, 62.8, 59.2, 42.0, 35.4, 17.3, -0.1; LR-MS (FAB) 





To a cooled (−40 °C) solution of lactone 43 (distilled prior to use, 400 mg, 2.03 mmol) in THF (6.8 ml) was added 
LHMDS (1.3 M THF solution, 1.70 ml, 2.23 mmol). After the reaction mixture was cooled to −78 °C for 78 min, 
allyl bromide (0.18 ml, 2.13 mmol) in THF (0.67 ml) was added to the mixture at −78 °C. After being stirred for 22 
min at −78 °C, the reaction mixture was warmed up to −15 °C for 20 min, and then quenched by saturated aqueous 
NH4Cl and warmed up to room temperature. The resulting solution was extracted with AcOEt and the extracts was 
washed with brine, dried over MgSO4, and concentrated in vacuo. The crude mixture was purified by flash silica gel 
column chromatography (6:1 Hexanes:EtOAc) to provide allylated product S2-7 (421 mg, 1.78 mmol, 88%) as a 
colorless oil.  
S2-7: []D23 108° (c 1.05, CHCl3); IR (CHCl3): 2960, 2175, 1783, 1251 cm-1; 1H-NMR (400 MHz, CDCl3) 5.83 
(1H, dddd, J = 17.3, 10.7, 7.1, 7.1 Hz), 5.19 (1H, d, J = 17.3 Hz), 5.15 (1H, d, J = 10.7 Hz), 4.67 (1H, dq, J = 7.2, 
6.5 Hz), 3.20 (1H, dd, J = 9.5, 7.2 Hz), 2.80 (1H, ddd, J = 9.5, 7.1, 5.2 Hz), 2.58-2.44 (2H, m), 1.43 (3H, d, J = 6.5 
Hz), 0.16 (9H, s); 13C-NMR (100 MHz, CDCl3)  176.0, 133.4, 118.6, 101.7, 90.1, 75.4, 45.0, 36.9, 32.8, 17.3, -0.3; 






To a cooled (−40 °C) solution of lactone S2-7 (118 mg, 0.498 mmol) in THF (6.8 ml) was added LHMDS (1.3 M 
THF solution, 0.767 ml, 0.997 mmol). After 30 min, mix anhydride 68 (1.25 mmol) in dry THF (1.0 ml) was added 
to the mixture at −40 °C. After being stirred for 40 min at −40 °C, the reaction mixture was quenched by saturated 
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aqueous NH4Cl and warmed up to room temperature. The resulting solution was extracted with AcOEt and the 
extracts was washed with brine, dried over MgSO4, and concentrated in vacuo. The crude mixture was purified by 
flash silica gel column chromatography (10:1 to 8:1 Hexanes:EtOAc) to provide ketone 72 (68.7 mg, 0.287 mmol, 
58%) as a white amorphous. 
72: IR (CHCl3): 2981, 2174, 1773, 1724, 1681, 1403, 1251 cm-1; 1H-NMR (400 MHz, CDCl3) 5.54-5.44 (1H, m), 
5.14-5.08 (3H, m), 4.53 (1H, dq, J = 5.4, 6.2 Hz), 4.13 (1H, dd, J = 6.8, 8.8 Hz), 4.05 (1H, d, J = 5.4 Hz), 3.76 (1H, 
dd, J = 7.3, 8.8 Hz), 2.96 (1H, dd, J = 15.8, 5.9 Hz), 2.75 (1H, dd, J = 15.8, 8.0 Hz), 1.56 (3H, s), 1.50 (3H, d, J = 
6.2 Hz), 1.48 (3H, s), 1.40 (9H, s), 0.15 (9H, s); LR-MS (FAB) m/z 464 ([M+H]+), 350 (100%); HR-MS (FAB) Calcd. 
for C24H37NO6Si: 464.2468, found: 464.2457. 
 
(2S,3R,3aR,6S,6aS)-3a-Allyl-6a-hydroxy-6-(hydroxymethyl)-2-methyl-3- 
[(trimethylsilyl)ethynyl]hexahydro-4H- furo[2,3-c]pyrrol-4-one (73) 
 
To a solution of boc amide 72 (31.7 mg, 0.0683 mmol) in dioxane (6.8 ml) was added c.HCl (2.7 ml) at room 
temperature. After 12 h, additional c.HCl (1 ml) was added to the reaction mixture. After 30 min, the resulting solution 
was concentrated in vacuo. The residue was dissolved in toluene-pyridine (19:1, 6.0 ml) and added DMAP (4.2 mg, 
0.0341 mmol). After being stirred overnight at 60 °C, the resulting solution was concentrated in vacuo. The residue 
was purified by silica gel column chromatography (1:1 to 1:2 Hexane:EtOAc) to give lactam 73 (18.1 mg, 0.0399 
mmol, 58%) as a colorless solid. 
73: []D24 62.3° (c 0.893, CHCl3); IR (CHCl3): 3298, 2959, 2173, 1693, 1251 cm-1; 1H-NMR (400 MHz, CDCl3) 
6.67-6.64 (1H, m), 6.04-5.94 (1H, m), 5.20 (1H, d, J = 17.1 Hz), 5.12 (1H, d, J = 9.8 Hz), 4.61-4.52 (1H, m), 4.24 
(1H, dq, J = 6.2, 6.3 Hz), 3.95-3.89 (1H, m), 3.75-3.69 (1H, m), 3.59 (1H, dd, J = 5.9, 5.9 Hz), 3.09 (1H, brs), 3.09 
(1H, d, J = 6.2 Hz), 2.64 (1H, dd, J = 13.9, 7.3 Hz), 2.71 (1H, dd, J = 13.9, 7.3 Hz), 1.30 (3H, d, J = 6.3 Hz), 0.15 
(9H, s); 13C-NMR (100 MHz, CDCl3)  175.1, 133.4, 119.6, 109.1, 100.8, 92.1, 76.5, 62.7, 62.5, 61.3, 44.7, 36.3, 
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To a solution of diol 40 (52.6 mg, 0.162 mmol) in dry DMF (3 ml) was added Et3N (68.0 l, 0.0488 mmol), DMAP 
(9.89 mg, 0.0810 mmol), and TESCl (40.7 l, 0.242 mmol) at 0 °C. The reaction mixture was stirred for 1 h at room 
temperature, and additional Et3N (68.0 l, 0.0488 mmol) and TESCl (40.7 l, 0.242 mmol) were added at 0 °C. After 
10 min at 0 °C, the resulting mixture was quenched by MeOH (120 l) and saturated aqueous NaHCO3 and warmed 
up to room temperature. The resulting solution was extracted with Et2O and the extracts was washed with brine, dried 
over MgSO4, and concentrated in vacuo. The residue was purified by flash silica gel column chromatography (4:1 to 
3:1 Hexane:EtOAc) to give silyl ether 74 (57.6 mg, 0.131 mmol, 81%) as a white solid. 
74: []D23 –36.23° (c 0.6715, CHCl3); IR (CHCl3): 3285, 2956, 2174, 1701, 1250 cm-1; 1H-NMR (400 MHz, CDCl3) 
6.04-5.93 (1H, m), 5.89 (1H, brs), 5.20 (1H, d, J = 16.9 Hz), 5.14 (1H, d, J = 10.1 Hz), 3.97 (1H, qd, J = 5.7, 4.8 
Hz), 3.82-3.74 (2H, m), 3.58 (1H, dd, J = 8.7, 8.7 Hz), 3.20 (1H, d, J = 4.8 Hz), 3.17 (1H, s), 2.78 (1H, dd, J = 14.2, 
7.7 Hz), 2.44 (1H, dd, J = 14.2, 6.8 Hz), 1.38 (3H, d, J = 5.7 Hz), 0.95 (9H, t, J = 7.9 Hz), 0.61 (6H, q, J = 7.9 Hz), 
0.19 (9H, s); 13C-NMR (100 MHz, CDCl3)  175.3, 132.9, 118.5, 108.2, 100.7, 93.3, 75.5, 63.4, 63.0, 59.5, 42.3, 






To a solution of hemiketal 74 (37.2 mg, 0.0849 mmol) in CH2Cl2 (1.7 ml) was added Et3N (189 l, 1.35 mmol), 
DMAP (5.10 mg, 0.0424 mmol), and TMSCl (86.0 l, 0.679 mmol) at 0 °C. After being sttired for 2.3 h at room 
temperature, the reaction mixture was quenched by saturated aqueous NaHCO3. The resulting solution was extracted 
with AcOEt and the extracts was washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was 
dissolved in AcOEt (1 ml) and to the resulting solution was added SiO2. After being stirred overnight, the resulting 
solution was filtered and concentrated in vacuo. The residue was purified by flash silica gel column chromatography 
(5.5:1 to 4:1 Hexane:AcOEt) to give silyl ether S2-8 (39.4 mg, 0.0773 mmol, 91%) as a white solid. 
S2-8: []D20 +46.2° (c 1.40, CHCl3); IR (CHCl3): 2955, 2173, 1774, 1698, 1250 cm-1; 1H-NMR (400 MHz, CDCl3) 
6.31 (1H, brs), 5.73-5.62 (1H, m), 5.15 (1H, dd, J = 17.1, 1.3 Hz), 5.08 (1H, dd, J = 10.1, 1.3 Hz), 4.14-4.09 (2H, 
m), 3.84 (1H, dd, J = 10.3, 3.6 Hz), 3.53 (1H, dd, J = 10.3, 9.2 Hz), 2.87 (1H, d, J = 3.2 Hz), 2.75 (1H, dd, J = 13.4, 
7.5 Hz), 2.49 (1H, dd, J = 13.4, 7.7 Hz), 1.31 (3H, d, J = 6.3 Hz), 0.94 (9H, t, J = 7.9 Hz), 0.59 (6H, q, J = 7.9 Hz), 
0.21 (9H, s), 0.09 (9H, s); 13C-NMR (100 MHz, CDCl3)  205.9, 174.9, 132.1, 120.0, 100.6, 91.9, 68.6, 64.0, 62.6, 
55.2, 48.6, 38.7, 21.8, 6.6, 4.2, 1.4, 0.0; LR-MS (ESI) m/z 532 ([M+Na]+, 100%); HR-MS (ESI) Calcd. for 
C25H47NO4Si3Na: 532.2705, found: 532.2684. 




one (77a) or (S)-3-Allyl-3-[(3R,4S)-4-hydroxy-1-(trimethylsilyl) 
pent-1-yn-3-yl]-1-methyl-5-methylenepyrrolidine-2,4-dione (77b) 
77: IR (CHCl3): 3390, 2925, 2173, 1722, 1653, 1251 cm-1; 1H-NMR (400 MHz, CDCl3) 5.83-5.73 (1H, m), 5.15 
(1H, d, J = 16.9 Hz), 5.05 (1H, d, J = 9.2 Hz), 4.76 (1H, d, J = 2.4 Hz), 4.39 (1H, d, J = 2.4 Hz), 3.88 (1H, qd, J = 
5.9, 4.5 Hz), 3.27 (1H, d, J = 4.5 Hz), 2.98 (3H, s), 2.69 (1H, s), 2.69-2.62 (2H, m), 1.38 (3H, d, J = 5.9 Hz), 0.20 





one (76a) or (S)-3-Allyl-3-[(3R,4S)-4-hydroxy-1-(trimethylsilyl) 
pent-1-yn-3-yl]-5-methylenepyrrolidine-2,4-dione (76b) 
76: IR (CHCl3): 3278, 2927, 2174, 1774, 1713, 1676, 1252 cm-1; 1H-NMR (400 MHz, CDCl3) 7.03 (1H, brs), 5.91-
5.80 (1H, m), 5.20 (1H, d, J = 16.9 Hz), 5.11 (1H, d, J = 9.7 Hz), 4.74 (1H, d, J = 1.9 Hz), 4.48 (1H, d, J = 1.9 Hz), 
3.99 (1H, qd, J = 5.7, 4.8 Hz), 3.26 (1H, d, J = 4.8 Hz), 2.69-2.60 (3H, s), 1.41 (3H, d, J = 5.7 Hz), 0.20 (9H, s); LR-







To a solution of NaH (5.30 mg, 0.176 mmol) in THF (0.7 ml) was cannulated a THF solution of MeI (85.7 l, 1.37 
mmol) and S2-8 (69.8 mg, 0.137 mmol) at 0 °C. After being stirred for 10 min, the reaction mixture was quenched 
with PBS buffer. The resulting solution was extracted with EtOAc and the extracts were washed with brine, dried 
over MgSO4, and concentrated in vacuo. The residue was purified by flash silica gel column chromatography (1:0 to 
10:1 Hexane:EtOAc) to give N-Me lactam 79 (50.4 mg, 0.0961 mmol, 70%), substrate S2-8 (14.0 mg, 0.0274 mmol, 
20%), byproduct 80 (2.61 mg, 0.00669 mmol, 4.8%). 
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79: []D24 +62.7° (c 0.922, CHCl3); IR (CHCl3): 2957, 2175, 1770, 1694, 1251, 842 cm-1; 1H-NMR (400 MHz, 
CDCl3) .86-5.76 (1H, m), 5.16 (1H, dd, J = 17.0, 2.1 Hz), 5.07 (1H, dd, J = 10.0, 2.1 Hz), 3.96 (1H, qd, J = 6.3, 
2.6 Hz), 3.91-3.83 (3H, m), 3.04 (3H, s), 2.90 (1H, d, J = 2.6 Hz), 2.60 (1H, dd, J = 13.8, 6.3 Hz), 2.51 (1H, dd, J = 
13.8, 8.3 Hz), 1.28 (3H, d, J = 6.3 Hz), 0.92 (9H, t, J = 8.0 Hz), 0.57 (6H, q, J = 8.0 Hz), 0.20 (9H, s), 0.06 (9H, s); 
13C-NMR (100 MHz, CDCl3)  205.7, 173.4, 132.4, 119.1, 101.0, 91.5, 68.8, 68.5, 60.6, 53.5, 47.7, 38.0, 27.8, 21.9, 
6.6, 4.1, 1.4, 0.0; LR-MS (ESI) m/z 524 ([M+H]+, 100%); HR-MS (ESI) Calcd. for C26H50NO4Si3: 524.3042, found: 
524.3022. 
80: IR (CHCl3): 2958, 2175, 1762, 1719, 1638, 1251, 843 cm-1; 1H-NMR (400 MHz, CDCl3) .58-5.47 (1H, m), 
5.12 (1H, d, J = 14.0 Hz), 5.10 (1H, s), 5.02 (1H, d, J = 10.1 Hz), 4.41 (1H, s), 3.94-3.88 (1H, m), 3.10 (3H, s), 2.97 
(1H, d, J = 2.9 Hz), 2.84 (1H, dd, J = 13.2, 6.5 Hz), 2.51 (1H, dd, J = 13.2, 8.7 Hz), 1.23 (3H, d, J = 6.3 Hz), 0.22 
(9H, s), 0.00 (9H, s); 13C-NMR (150 MHz, CDCl3)  194.7, 173.0, 143.0, 130.7, 120.2, 100.9, 91.8, 89.8, 68.1, 53.3, 
47.3, 39.8, 26.1, 21.8, 0.7, 0.0; LR-MS (ESI) m/z 414 ([M+Na]+, 100%); HR-MS (ESI) Calcd. for C20H33NO4Si2Na: 





To a solution of TMS-alkyne 79 (44.5 mg, 0.0849 mmol) in CH2Cl2-MeOH-H2O (7:4:1, 3.4 ml) was added AgNO3 
(5.10 mg, 0.0300 mmol) at room temperature. After 2 h, the resulting mixture was filtered through Celite, and 
concentrated in vacuo. The residue was purified by silica gel column chromatography (100:1 to 20:1 CHCl3:MeOH) 
to give crude eneyne 81 (22.0 mg, 0.0829 mmol, 98%) as a colorless solid. 
81: []D24 +32.0° (c 0.412, CHCl3); IR (CHCl3): 3294, 2360, 1671, 1117 cm-1; 1H-NMR (400 MHz, CDCl3)  6.01-
5.91 (1H, m), 5.20 (1H, d, J = 16.9 Hz), 5.14 (1H, d, J = 10.1 Hz), 3.86 (1H, qd, J = 6.2, 4.3 Hz), 3.80 (1H, dd, J = 
5.8, 5.8 Hz), 3.59 (1H, dd, J = 5.8, 5.8 Hz), 3.25-3.78 (1H, m), 3.23 (1H, s), 2.91 (3H, s), 2.81 (1H, dd, J = 14.5, 7.7 
Hz), 2.64-2.60 (1H, m), 2.49 (1H, dd, J = 14.5, 6.8 Hz), 2.40 (1H, d, J = 2.4 Hz), 1.39 (3H, d, J = 6.2 Hz); 13C-NMR 
(100 MHz, CDCl3)  172.9, 132.8, 118.6, 107.5, 78.7, 76.2, 75.6, 69.0, 60.1, 59.7, 41.4, 35.3, 28.7, 17.1; LR-MS 
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A solution of eneyne 81 (20.1 mg, 0.0756 mmol) in dry CH2Cl2 (8.9 mL) was degassed by two freeze-pump-thaw 
cycles on a vacuum line. To the resulting solution was added Grubbs 2nd catalyst (4.70 mg, 0.00567 mmol) and stirred 
under ethylene atmosphere for 2 h at room temperature. The resulting mixture was sparged with air, quenched with 
ethyl vinyl ether (7.2 L, 0.0753 mmol) at room temperature, and concentrated in vacuo. The residue was purified 
by silica gel column chromatography (100:1 to 10:1 CHCl3:MeOH) to give diene 50 (15.6 mg, 0.0587 mmol, 78%) 
as a colorless solid. 
50: []D24 –32.5° (c 0.767, CHCl3:MeOH 10:1); IR (CHCl3): 3248, 1660, 1157 cm-1; 1H-NMR (400 MHz, 
CDCl3:CD3OD 10:1)  6.46 (1H, dd, J = 17.7, 11.0 Hz), 5.78 (1H, s), 5.07 (1H, d, J = 11.0 Hz), 4.94 (1H, d, J = 17.7 
Hz), 4.62 (1H, dq, J = 7.5, 6.9 Hz), 3.86-3.79 (2H, m), 3.65 (1H, dd, J = 12.1, 4.3 Hz), 3.52-3.49 (1H, m), 2.87 (3H, 
s), 2.87 (1H, d, J = 18.4 Hz), 2.53 (1H, d, J = 18.4 Hz), 1.21 (3H, d, J = 6.9 Hz); 13C-NMR (100 MHz, CDCl3:CD3OD 
10:1)  177.7, 140.2, 132.7, 132.2, 114.7, 107.1, 78.8, 68.5, 64.9, 60.3, 58.3, 35.9, 28.3, 18.7; LR-MS (ESI) m/z 288 





To a solution of TMS-alkyne 40 (57.3 mg, 0.176 mmol) in CH2Cl2-MeOH-H2O (7:4:1, 7.2 ml) was added AgNO3 
(2.20 mg, 0.0130 mmol) at room temperature. After 7 h, additional AgNO3 (5.0 mg, 0.0294 mmol) was added to the 
reaction mixture. After 5 h, the resulting mixture was filtered through Celite, and concentrated in vacuo. The residue 
was purified by silica gel column chromatography (20:1 to 10:1 CHCl3:MeOH) to give crude eneyne 82 (52.5 mg, 





A solution of crude eneyne 82 (46.07 mg, 0.154 mmol) in dry CH2Cl2 (18 mL) was degassed by two freeze-pump-
thaw cycles on a vacuum line. To the resulting solution was added Grubbs 2nd catalyst (12.3 mg, 0.0137 mmol) and 
stirred under ethylene atmosphere for 2 h at room temperature. The resulting mixture was sparged with air and 
concentrated in vacuo. The residue was purified by silica gel column chromatography (100:1 to 10:1 CHCl3:MeOH) 
to give diene 83 (32.7 mg, 0.130 mmol, 84% for 2 steps) as a colorless solid. Diene 83 was recrystallized from 
toluene/MeOH/CHCl3. 
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83: mp 167-169 °C; []D24 –74.3° (c 0.154, CHCl3:MeOH 1:1); IR (CHCl3): 3282, 1671, 1105 cm-1; 1H-NMR (600 
MHz, CDCl3:CD3OD 10:1)  6.47 (1H, dd, J = 17.3, 10.8 Hz), 5.78 (1H, s), 5.08 (1H, d, J = 10.8 Hz), 4.95 (1H, d, J 
= 17.3 Hz), 4.65 (1H, dq, J = 7.7, 6.9 Hz), 3.86 (1H, d, J = 7.7 Hz), 3.66-3.56 (3H, m), 3.27 (1H, s), 2.91 (1H, d, J = 
18.8 Hz), 2.54 (1H, d, J = 18.8 Hz), 1.21 (3H, d, J = 6.9 Hz); 13C-NMR (150 MHz, CDCl3:CD3OD 10:1)  159.8, 
127.5, 121.5, 121.1, 107.2, 102.4, 78.5, 66.8, 65.3, 65.1, 63.7, 43.9, 30.3; LR-MS (EI) m/z 251 (M+), 131 (100%); 






To a solution of diene 83 (2.16 mg, 0.00859 mmol) in toluene was added 1,4-naphtoquinone (1.67 mg, 0.0103 mmol). 
After refluxing for 12 h, the resultant solution was concentrated in vacuo. The residue was purified by preparative 
TLC (AcOEt×5) to give anthraquinone 86 (1.66 mg, 0.00392 mmol, 46%). 
86: []D24 –17.5° (c 0.144, CHCl3:MeOH 10:1); IR (CHCl3): 3282, 1671, 1105 cm-1; 1H-NMR (600 MHz, 
CDCl3:CD3OD = 6:1)  8.29-8.24 (3H, m), 7.82-7.80 (2H, m), 7.62 (1H, d, J = 7.6 Hz), 4.69 (1H, dq, J = 7.7, 6.8 
Hz), 4.21 (1H, d, J = 7.7 Hz), 4.16 (1H, d, J = 18.9 Hz), 3.76 (1H, dd, J = 6.2, 4.8 Hz), 3.75-3.72 (2H, m), 3.62 (1H, 
d, J = 18.9 Hz), 3.37 (1H, s), 1.34 (3H, d, J = 6.8 Hz), 1.26 (1H, brs); 13C-NMR (100 MHz, CDCl3:CD3OD = 10:1) 
(one carbon missing)  184.4, 183.3, 178.6, 148.4, 146.5, 134.1, 133.8, 133.5, 133.0, 130.8, 129.2, 126.87, 126.84 
126.7, 109.2, 77.1, 64.8, 62.9, 62.1, 58.6, 37.7, 18.9; LR-MS (ESI) m/z 428 (M+Na+); HR-MS (ESI-MS) Calcd. for 





To a solution of diol 83 (32.7 mg, 0.130 mmol) in dry DMF (6.5 ml) was added Et3N (109 l, 0.780 mmol), DMAP 
(7.94 mg, 0.0650 mmol), and TESCl (65.5 l, 0.390 mmol) at 0 °C. After being stirred for 7 h at room temperature, 
the resulting mixture was quenched by MeOH (65 l) and saturated aqueous NaHCO3 at 0 °C and warmed up to 
room temperature. The resulting solution was extracted with Et2O and the extracts was washed with brine, dried over 
MgSO4, and concentrated in vacuo. The residue was purified by silica gel column chromatography (4:1 to 3:1 
Hexane:EtOAc) to give silyl ether 85 (30.1 mg, 0.0824 mmol, 63%) as a colorless solid. 
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85: []D21 48.8° (c 0.626, CHCl3); IR (CHCl3): 3290, 2954, 1685, 1077 cm-1; 1H-NMR (600 MHz, CDCl3)  7.25 
(1H, brs), 6.46 (1H, dd, J = 17.6, 10.8 Hz), 5.78 (1H, s), 5.07 (1H, d, J = 10.8 Hz), 4.95 (1H, d, J = 17.6 Hz), 4.68 
(1H, s), 4.65 (1H, dq, J = 7.3, 6.6 Hz), 3.87 (1H, d, J = 7.3 Hz), 3.73-3.67 (2H, m), 3.57 (1H, dd, J = 9.9, 7.2 Hz), 
2.92 (1H, d, J = 18.1 Hz), 2.57 (1H, d, J = 18.1 Hz), 1.20 (3H, d, J = 6.6 Hz), 0.96 (9H, t, J = 7.9 Hz), 0.62 (6H, q, J 
= 7.9 Hz); 13C-NMR (150 MHz, CDCl3)  180.6, 140.4, 132.8, 132.1, 115.0, 109.5, 79.0, 64.4, 63.4, 61.7, 60.5, 36.1, 






To a solution of diene 85 (66.1 mg, 0.181 mmol) in toluene (3 ml) was added maleimide (19.3 mg, 0.199 mmol). 
After refluxing for 19 h, the resultant solution was concentrated in vacuo. The residue was purified by silica gel 
column chromatography (2:1 to 0:1 Hexane:EtOAc to CHCl3:MeOH 8:1) to give crude cyclohexene 87 (30.4 mg), 
which was purified by preparative TLC (CHCl3:MeOH 20:1) to give cyclohexene 87a (7.87 mg, 0.0170 mmol, 9%), 
87b (9.14 mg, 0.0198 mmol, 11%), and 87c or 87d (1.74 mg, 0.00376 mmol, 2%). 
87a: []D22 126° (c 0.446, CHCl3); IR (CHCl3): 3277, 2953, 1774, 1708 cm-1; 1H-NMR (400 MHz, CDCl3)  8.71 
(1H, brs), 6.19 (1H, brs), 5.66-5.63 (1H, m), 5.14 (1H, s), 4.20 (1H, dq, J = 6.8, 6.7 Hz), 3.89 (1H, dd, J = 10.4, 4.1 
Hz), 3.74 (1H, dd, J = 8.5, 4.1 Hz), 3.60 (1H, dd, 10.4, 8.5 Hz), 3.42-3.37 (1H, m), 3.32 (1H, dd, J = 8.7, 7.8 Hz), 
3.17 (1H, ddd, J = 7.8, 7.7, 1.2 Hz), 3.12-3.04 (1H, m), 2.82 (1H, ddd, J = 15.0, 6.8, 1.2 Hz), 2.77 (1H, dd, J = 15.5, 
6.8 Hz), 2.49 (1H, dd, J = 15.5, 11.6 Hz), 2.14-2.07 (1H, m), 1.19 (3H, d, J = 6.7 Hz), 0.95 (9H, t, J = 8.0 Hz), 0.61 
(6H, q, J = 8.0 Hz); 13C-NMR (100 MHz, CDCl3)  180.6, 179.5, 178.1, 144.9, 120.7, 108.9, 74.0, 66.1, 63.0, 62.9, 
58.2, 43.8, 42.4, 41.5, 28.9, 25.5, 17.3, 6.7, 4.2; LR-MS (ESI) m/z 485 (M+Na+); HR-MS (ESI-MS) Calcd. for 
C23H34N2O6SiNa: 485.2078, found: 485.2057. 
87b: []D20 61.3° (c 0.518, CHCl3); IR (CHCl3): 3270, 2954, 1774, 1715 cm-1; 1H-NMR (600 MHz, CDCl3)  8.61 
(1H, brs), 6.65 (1H, brs), 5.71-5.68 (1H, m), 5.18 (1H, s), 4.23 (1H, dq, J = 6.5, 6.4 Hz), 3.76 (1H, dd, J = 8.2, 2.7 
Hz), 3.70-3.64 (2H, m), 3.32 (1H, dd, J = 9.3, 8.4 Hz), 3.31-3.27 (1H, m), 3.15 (1H, dd, J = 8.4, 7.4 Hz), 2.95-2.89 
(1H, m), 2.81 (1H, dd, J = 15.5, 7.4 Hz), 2.37 (1H, dd, J = 12.5, 12.0 Hz), 2.32 (1H, dd, J = 12.5, 7.6 Hz), 2.21-2.17 
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(1H, m), 1.30 (3H, d, J = 6.4 Hz), 0.97 (9H, t, J = 8.0 Hz), 0.65 (6H, q, J = 8.0 Hz); 13C-NMR (150 MHz, CDCl3)  
179.9, 177.6, 177.5, 142.1, 120.3, 109.4, 76.2, 63.9, 63.6, 62.1, 55.1, 43.2, 41.1, 38.9, 33.3, 23.3, 17.4, 6.6, 4.1; LR-
MS (ESI) m/z 501 (M+K+); HR-MS (ESI-MS) Calcd. for C23H34N2O6SiK: 501.1818, found: 501.1798. 
87c or 87d: []D24 –144° (c 0.0870, CHCl3); IR (CHCl3): 3270, 2954, 1775, 1717 cm-1; 1H-NMR (400 MHz, CDCl3) 
 8.10 (1H, brs), 6.14 (1H, brs), 5.72-5.68 (1H, m), 4.80 (1H, s), 4.31 (1H, dq, J = 6.8, 6.6 Hz), 3.75-3.67 (3H, m), 
3.43-3.37 (1H, m), 2.97 (1H, dd, J = 18.1, 8.9 Hz), 2.75-2.66 (3H, m), 2.66-2.56 (1H, m), 2.20-2.11 (1H, m), 1.94 
(1H, dd, J = 12.3, 10.4 Hz), 1.27 (3H, d, J = 6.6 Hz), 0.97 (9H, t, J = 7.9 Hz), 0.64 (6H, q, J = 7.9 Hz); 13C-NMR 
(100 MHz, CDCl3)  179.3, 179.0, 177.6, 142.2, 120.5, 109.3, 76.5, 64.5, 63.4, 62.2, 56.0, 47.9, 40.8, 39.6, 38.3, 






A mixture of crude alkyne 82 (191 mg, 0.608 mmol) and Lindlar catalyst (19.4 mg, 0.00911 mmol) in MeOH (30 ml) 
was stirred under hydrogen atmosphere for 28.5 h at room temperature. Additional Lindlar catalyst (19.4 mg, 0.00911 
mmol) was added to the reaction mixture. After 2 days, the reaction was sparged with nitrogen, filtered through Celite, 
and concentrated in vacuo. The residue was purified by silica gel column chromatography (10:1 CHCl3:MeOH) to 
give crude diene 89 that was used in the next reaction without further purification. A solution of crude diene 89 (0.608 
mmol) in dry CH2Cl2 (61 mL) was degassed by two freeze-pump-thaw cycles on a vacuum line. To the resulting 
solution was added Grubbs 2nd catalyst (40.9 mg, 0.0455 mmol) and stirred for 2 h at room temperature. After being 
stirred at 30 °C for 2 h, the resulting solution was added Ph3PO (270 mg) and concentrated in vacuo. The residue was 
purified by silica column chromatography (100:1.5 CHCl3:MeOH) to give cyclopentene 88 (136 mg, 0.606 mmol, 
99%) as a colorless solid. 
88: []D20 +39.5° (c 0.822, CHCl3); IR (CHCl3): 3303, 2976, 2934, 1681, 1383 cm-1; 1H-NMR (400 MHz, CDCl3)  
6.84 (1H, brs), 5.84-5.81 (1H, m), 5.64-5.60 (1H, m), 4.25 (1H, dq, J = 6.3, 6.3 Hz), 3.75-3.56 (5H, m), 3.15 (1H, 
brs), 2.76 (2H, s), 1.31 (3H, d, J = 6.3 Hz); 13C-NMR (100 MHz, CDCl3)  178.5, 132.1, 127.5, 109.9, 76.2, 63.4, 










To a solution of diol 88 (65.3 mg, 0.0289 mmol) and DMAP (17.7 mg, 0.144 mmol) in dry CH2Cl2 (2.8 mL) was 
added Et3N (0.240 ml, 1.72 mmol) and TBSCl (131 mg, 0.867 mmol) at 0 °C. After being stirred at the 0 °C for 30 
min, the resulting solution was quenched by MeOH (0.13 ml) and concentrated in vacuo. The crude mixture was 
purified by silica gel column chromatography (2:1 to 1:1 Hexanes:EtOAc) to silyl ether S2-9 (61.8 mg, 0.0182 mmol, 
63%) as a colorless solid. 
S2-9: []D23 +8.04° (c 1.41, CHCl3); IR (CHCl3): 3289, 2930, 1694, 1256 cm-1; 1H-NMR (400 MHz, CDCl3)  6.70 
(1H, brs), 5.79 (1H, dd, J = 5.5, 2.4 Hz), 5.58 (1H, dd, J = 5.5, 2.1 Hz), 4.25 (1H, dq, J = 6.6, 6.3 Hz), 4.02 (1H, s), 
3.74-3.61 (3H, m), 3.56-3.54 (1H, m), 2.79 (1H, dd, J = 17.0, 2.1 Hz), 2.70 (1H, dd, J = 17.0, 2.1 Hz), 1.29 (3H, d, J 
= 6.3 Hz), 0.88 (9H, s), 0.08 (3H, s), 0.07 (3H, s) 13C-NMR (100 MHz, CDCl3)  178.4, 132.1, 127.4, 109.5, 76.2, 
63.7, 63.3, 63.0, 60.6, 37.1, 25.8, 18.2, 18.1, -5.4, -5.5; LR-MS (ESI) m/z 362 (M+); HR-MS (ESI) Calcd. for 





To a solution of lactam S2-9 (33.5 mg, 0.0987 mmol) in dry THF (2.0 mL) was added MeI (0.120 ml, 1.93 mmol) 
and NaH (4.70 mg, 0.118 mmol) at 0 °C. After being stirred at 0 ~ 8 °C for 3 h, the resulting solution was quenched 
by saturated aqueous NH4Cl and the resultants was extracted with AcOEt and the extracts was washed with brine, 
dried over MgSO4, and concentrated in vacuo. The crude mixture was purified by silica gel column chromatography 
(2:1 to 1:1 Hexanes:EtOAc) to provide S2-10 (13.4 mg, 0.0380 mmol, 38%) as a colorless solid and S2-3 (19.9 mg, 
0.0585 mmol, 59%). 
S2-10: []D24 24.9° (c 0.512, CHCl3); IR (CHCl3): 3277, 2929, 1654, 1253 cm-1; 1H-NMR (600 MHz, CDCl3)  
5.81-5.79 (1H, m), 5.61-5.59 (1H, m), 4.23 (1H, dq, J = 6.8, 6.3 Hz), 3.88 (1H, dd, J = 10.6, 3.8 Hz), 3.80 (1H, s), 
3.72 (1H, dd, J = 10.6, 5.8 Hz), 3.61-3.59 (1H, m), 3.55 (1H, dd, J = 5.8, 3.8 Hz), 2.88 (3H, s), 2.76 (1H, ddd, J = 
16.9, 4.4, 2.1 Hz), 2.67 (1H, ddd, J = 16.9, 4.6, 2.6 Hz), 1.28 (3H, d, J = 6.3 Hz), 0.89 (9H, s), 0.09 (3H, s), 0.08 (3H, 
s); 13C-NMR (150 MHz, CDCl3)  175.9, 132.1, 127.7, 107.8, 76.7, 68.5, 64.0, 60.5, 60.3, 37.6, 28.6, 25.8, 18.6, 
18.2, -5.56, -5.59; LR-MS (ESI) m/z 354 ([M+H]+); HR-MS (ESI) Calcd. for C18H32NO4Si: 354.2095, found: 
354.2082. 





To a solution of silyl ether S2-10 (7.7 mg, 0.022 mmol) in MeOH (1.0 mL) was added p-TsOH•H2O (2.0 mg, 0.011 
mmol) at room temperature. After 1 h, the resulting solution was concentrated in vacuo. The crude mixture was 
purified by silica gel column chromatography (100:1 to 100:10 CHCl3:MeOH) to provide the diol 49 (3.7 mg, 0.015 
mmol, 71%) as a colorless solid. 
49: []D23 +72.5° (c 0.137, CHCl3); IR (CHCl3): 3363, 2929, 1669, 1244 cm-1; 1H-NMR (400 MHz, CDCl3)  5.84-
5.82 (1H, m), 5.68-5.65 (1H, m), 4.18 (1H, dq, J = 6.2, 6.4 Hz), 3.90 (1H, d, J = 11.9 Hz), 3.68 (1H, dd, J = 11.9, 5.8 
Hz), 3.59 (1H, dd, J = 5.8, 2.5 Hz), 3.58-3.56 (1H, m), 2.91 (1H, s), 2.91 (3H, s), 2.81 (1H, ddd, J = 17.2, 4.6, 2.5 
Hz), 2.71 (1H, d, J = 17.2 Hz), 2.41 (1H, brs), 1.31 (3H, d, J = 6.2 Hz); 13C-NMR (100 MHz, CDCl3)  174.8, 132.1, 
128.1, 108.4, 76.3, 69.0, 63.8, 59.9, 59.3, 37.5, 28.3, 18.1; LR-MS (EI) 239 (M+), 208 (100%); HR-MS (EI) Calcd. 
for C12H17NO4: 239.1158, found: 239.1162. 
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Crystal Structure Report for 83* 
*Electronic supplementary information (ESI) available. CCDC 1428343. 
A specimen of C13H17NO4, approximate dimensions 0.020 mm x 0.200 mm x 0.300 mm, was used for 
the X-ray crystallographic analysis. The X-ray intensity data were measured. 
The total exposure time was 0.90 hours. The frames were integrated with the Bruker SAINT software 
package using a narrow-frame algorithm. The integration of the data using a monoclinic unit cell 
yielded a total of 4647 reflections to a maximum θ angle of 67.12° (0.84 Å resolution), of which 2106 
were independent (average redundancy 2.207, completeness = 97.7%, Rint = 0.98%) and 2104 (99.91%) 
were greater than 2σ(F2). The final cell constants of a = 5.7189(3) Å, b = 9.0362(4) Å, c = 12.3522(6) Å, 
β = 98.951(2)°, volume = 630.55(5) Å3, are based upon the refinement of the XYZ-centroids of 4586 
reflections above 20 σ(I) with 14.51° < 2θ < 134.2°. Data were corrected for absorption effects using 
the empirical method (SADABS). The ratio of minimum to maximum apparent transmission was 
0.895. The calculated minimum and maximum transmission coefficients (based on crystal size) are 
0.7920 and 0.9840. 
The structure was solved and refined using the Bruker SHELXTL Software Package, using the space 
group P 1 21 1, with Z = 2 for the formula unit, C13H17NO4. The final anisotropic full-matrix least-
squares refinement on F2 with 170 variables converged at R1 = 2.40%, for the observed data and wR2 
= 6.33% for all data. The goodness-of-fit was 1.056. The largest peak in the final difference electron 
density synthesis was 0.198 e-/Å3 and the largest hole was -0.187 e-/Å3 with an RMS deviation of 0.031 
e-/Å3. On the basis of the final model, the calculated density was 1.323 g/cm3 and F(000), 268 e-. 
 
Table 1. Sample and crystal data for 83. 
Chemical formula C13H17NO4 
Formula weight 251.27 
Temperature 90(2) K 
Wavelength 1.54178 Å 
Crystal size 0.020 x 0.200 x 0.300 mm 
Crystal system monoclinic 
Space group P 1 21 1 
Unit cell dimensions a = 5.7189(3) Å α = 90° 
 b = 9.0362(4) Å β = 98.951(2)° 
 c = 12.3522(6) Å γ = 90° 
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Volume 630.55(5) Å3 
Z 2 
Density (calculated) 1.323 g/cm3 
Absorption coefficient 0.815 mm-1 
F(000) 268 
 
Table 2. Data collection and structure refinement for 83 
Theta range for data collection 7.26 to 67.12° 
Index ranges -6<=h<=6, -10<=k<=10, -14<=l<=14 
Reflections collected 4647 
Independent reflections 2106 [R(int) = 0.0098] 
Coverage of independent reflections 97.7% 
Absorption correction Empirical 
Max. and min. transmission 0.9840 and 0.7920 
Structure solution technique direct methods 
Structure solution program SHELXL-2013 (Sheldrick, 2013) 
Refinement method Full-matrix least-squares on F2 
Function minimized Σ w(Fo2 - Fc2)2 
Data / restraints / parameters 2106 / 1 / 170 
Goodness-of-fit on F2 1.056 
Final R indices 2104 data; I>2σ(I) R1 = 0.0240, wR2 = 0.0633 
 all data R1 = 0.0240, wR2 = 0.0633 
Weighting scheme w=1/[σ2(Fo2)+(0.0386P)2+0.1374P] 
 where P=(Fo2+2Fc2)/3 
Absolute structure parameter 0.1(0) 
Largest diff. peak and hole 0.198 and -0.187 eÅ-3 
R.M.S. deviation from mean 0.031 eÅ-3 
 
 
Table 3. Atomic coordinates and equivalent isotropic atomic displacement parameters (Å2) for 83. 
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
- 108 - 
 
 x/a y/b z/c U(eq) 
O1 0.5606(2) 0.12628(14) 0.98494(10) 0.0167(3) 
O2 0.1461(2) 0.12793(13) 0.83101(9) 0.0151(3) 
O3 0.8619(2) 0.71415(13) 0.85773(9) 0.0147(3) 
O4 0.4845(2) 0.81887(14) 0.84458(10) 0.0154(3) 
N1 0.0049(2) 0.00063(17) 0.96728(11) 0.0128(3) 
C1 0.9712(4) 0.7517(3) 0.46850(17) 0.0301(5) 
C2 0.7954(3) 0.8380(2) 0.48825(15) 0.0219(4) 
C3 0.7613(3) 0.8969(2) 0.59439(14) 0.0163(4) 
C4 0.9146(3) 0.85718(19)  0.70176(13) 0.0137(4) 
C5  0.8147(3) 0.95475(19) 0.78806(13) 0.0116(4) 
C6  0.7267(3) 0.84479(19) 0.86787(13) 0.0126(4) 
C7  0.8108(3) 0.90452(19) 0.98490(13) 0.0131(4) 
C8  0.6251(3) 0.9881(2) 0.03714(14) 0.0153(4) 
C9  0.0070(3) 0.03871(18) 0.86245(14) 0.0124(4) 
C10  0.6280(3) 0.05874(19) 0.72358(14) 0.0136(4) 
C11  0.6052(3) 0.0026(2) 0.60877(14) 0.0172(4) 
C12  0.8993(3) 0.6965(2) 0.74483(14) 0.0168(4) 
C13  0.7086(4) 0.5973(2) 0.68355(15) 0.0253(4) 
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